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DISTRIBUTION OF THE ENERGY IN THE EXTREME 
ULTRAVIOLET OF THE SOLAR SPECTRUM 


By W. W. Coblentz and R. Stair 


ABSTRACT 


Supplementing the data given in a previous publication (NBS Research Paper 
RP877), the present paper gives further calculations and graphs showing the 
distribution of energy in the extreme ultraviolet of the solar spectrum, for various 
air masses traversed by the rays, at a sea-level station (Washington); also the 
spectral-energy distribution of solar radiation outside the earth’s atmosphere, 
showing that there is no similarity with the radiation of a black body at 6,000° K, 
which is sometimes used in calculating the ultraviolet solar spectral energy. 

The second part of the paper describes progress made in assembling apparatus 
for measuring the spectral quality and total intensity of ultraviolet solar radiation 
by means of a photoelectric cell and filter radiometer transported aloft in sounding 
balloons. 


CONTENTS 
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1. Correlation of ultraviolet and total solar radiation_._._._____-_- 
Ill. A meter for determining the ultraviolet solar spectral-energy distribu- 
tion by means of sounding balloons. _...................-.---.-- 
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I. INTRODUCTION 


In a previous communication [1]! a photoelectric cell and filter 
radiometer was described for determining the distribution of energy 
in the extreme ultraviolet of the solar spectrum. Data were given 
on the distribution of energy in the extreme ultraviolet for various 
solar altitudes, and the shape of the solar spectral-energy curve out- 
side the earth’s atmosphere was discussed. It was shown that the 
common procedure of calculating the spectral-energy distribution (in 
the ultraviolet), on the assumption that the radiation is similar to that 
of a black body at a temperature of 6,000° K, is untenable because 
spectroradiometric measurements indicate that there is an abrupt and 
continuous drop in the solar spectral-energy curve, of wave lengths 
shorter than 3000 A, outside the earth’s atmosphere. 

_ The need having arisen, in the meantime, for more specific informa- 
tion on this subject, in connection with questions on heliotherapy, the 
os yee of the present paper is (a) to present further data on the dis- 
tribution of energy in the extreme ultraviolet of the solar spectrum 





' Numbers in brackets refer to references and notes at the end of this paper. 
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within and outside the earth’s atmosphere, and (b) to give an outline 
of a method for determining the ultraviolet solar spectral-energy dis- 
tribution in the stratosphere by means of a photoelectric cell (of special 
design), filters and auxiliary apparatus, transported to the highest 
elevations attainable by means of sounding balloons. 

This involves the problem of transmitting certain radio signals from 
the balloon to the ground. For this purpose the writers had the choice 
of two methods: (a) the newly designed, mechanically controlled, sig- 
naling mechanism of Curtiss and Astin [2], or (b) an adaptation of an 
early type of audion bulb which, when evacuated to a few millimeters 
gas pressure, transmits a pulsating current that changes in frequency 
with change in current in the input circuit [3]. 

As originally used with a photoelectric cell, the signal was received 
as a change in pitch of the sound in a telephone receiver [3]. For the 
present purpose this audio signal is used to modulate a transmitted 
radio wave. Hence, since the radio signals from the photoelectric 
apparatus, transported by a sounding balloon, are to be received by 
the Radio Section of the Bureau, the latter method of radio trans- 
mission was adopted. 

Fortunately, commercial radio tubes are now available? that can 
be operated to transform feeble photoelectric currents into audio 
signals suitable to meet our needs. The general hookup of this appa- 
ratus is described in section ITI. 

Calculations of intensities to be expected at high altitudes [1], and 
ground tests of assembled apparatus, indicate that important data on 
spectral quality (spectral-energy distribution) and total intensity of 
ultraviolet solar radiation are to be expected from measurements in 
the stratosphere. 

The delay in making field tests is owing to our inability to secure 
photoelectric cells of special design to meet our requirements. 


II. DISTRIBUTION OF ENERGY IN THE EXTREME ULTRA- 
VIOLET OF THE SOLAR SPECTRUM, WITHIN AND 
OUTSIDE OF THE EARTH’S ATMOSPHERE 


In a previous paper [1] data were given on the ultraviolet solar 
spectral-energy distribution in relative units, but no attempt was 
made to correlate the various spectral-energy curves for different air 
masses traversed by the solar rays. 

From the average values of the total ultraviolet solar radiation 
observed through various air masses (solar altitudes) it is possible to 
obtain factors that give the heights of the various spectral-energy 
curves relative to each other. In figure 1 are depicted the spectral- 
energy curves based upon the data previously published [1]. 

Judged by the closeness with which the data fal] upon the isochro- 
matic curves (not published) in which the ordinates were plotted on 
the logarithmic scale, as commonly employed, the measurements are 
in good agreement. , 

As noted in the previous paper [1] the use of two photoelectric 
cells (differing greatly in spectral response) and four filters gives 
eight conditions for establishing the shape of the spectral-energy 


2 The writers are indebted to F. W. Dunmore for calling attention to this newly develo radio tube, 
which had escaped their notice, although a description of the device was published some time ago [4]. 
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curve for any given air mass traversed by the solar rays. From this 
it would appear that this good agreement is real and not the result 
of a fortuitous combination of factors including (a) the spectral 
responses of the photoelectric cells, (b) the spectral transmissions of 
the filters, and (c) the observations of the integrated ultraviolet 
transmissions through the various filters. 

In figure 1 is given the ultraviolet solar spectral-energy distribution 
outside the earth’s atmosphere as deduced by Pettit [5] and by the 
writers. As noted in the previous paper [1], in both cases the spectral 
intensities show a continuous drop with decrease in wave length. 

In this same illustration is given also the ultraviolet spectral- 
energy distribution of a black body at 4,000° K and at 6,000° K, 
respectively. The spectral-energy distribution of a black body at 
4,000° K represents most closely the observed (extrapolated) data. 
It, therefore, seems incorrect to compute the ultraviolet solar spectral- 
energy distribution on the assumption that the radiation is similar 
to that of a black body at 6,000° K [11, 12]. 

The atmospheric transmission curves as deduced from our spectral- 
energy curves are somewhat lower than observed by Pettit [5] as is 
to be expected, seeing that the data refer to two stations differing 
about 2,000 feet in elevation. 


Ultraviolet Solar Energy 
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1. CORRELATION OF ULTRAVIOLET AND TOTAL SOLAR 
RADIATION 


In view of the fact that in heliotherapy the patient is usually 
exposed to the total (unfiltered) radiation phe the sun, in figure 2 
is shown the ultraviolet of wave lengths shorter than and including 
3132 A, relative to the total incident solar radiation, in gram calories 
per square centimeter per minute. The total radiation data are 
average values, for Washington, taken from the Smithsonian Meteor- 
ological Tables. 

_For a low sun (a long air mass traversed) the spectral quality is 
different from, and the total intensity is much lower than, that ob- 
served at high solar elevations. 
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III. A METER FOR DETERMINING THE ULTRAVIOLET 
SOLAR SPECTRAL-ENERGY DISTRIBUTION BY MEANS 
OF SOUNDING BALLOONS 


Various types of direct-current amplifiers have been designed and 
made to work quite satisfactorily [6, 7, 8] in the measurement of small 
currents, such as are produced by photoelectric cells used in the 
evaluation of short-wave-length ultraviolet solar radiation. In all 
cases, these devices require the attention of an expert operator to 
keep the voltage and zero of the scale reading properly adjusted. 
Hence, they are not suitable for operating automatic-recording instru- 
ments, or for the transmission of signals by radio from sounding 
balloons. 

An ultraviolet meter which makes use of a glow relay tube has been 
described by Rentschler [9], and a somewhat similar meter which 
uses a neon-flash lamp has been described by Taylor [8]. While these 
instruments are very useful, they have their limitations in that for 
accurate reproduction their speed of operation is limited to a small 
number of impulses (‘‘clicks” or “flashes’”’) per minute. Hence it is 





N N=NEON TUBE 
i, Spc. C=.00025 uf 
( R C,=.1 Mf 
C,=1-10 wf 
Tea |e a R,=.2-1.0 MEGOHM 
, B =90-100 VOLTS 
R, L M=METER 


1 + 








Figure 3.—Wiring diagram showing the use of a triple-electrode neon tube for 
transforming a small photoelectric current into an audio frequency. 


necessary that an integration be made over an interval of time in 
order to obtain the radiation flux. 

In these devices the speed of operation of the flash and, hence, the 
lower limit of sensitivity, are limited by the characteristics of the tubes 
and their auxiliary apparatus. An attempt was therefore made to 
increase the sensitivity of the neon type of meter by the use of a 
specially designed triple-electrode neon tube (fig. 3). Through the 
courtesy of the Research Laboratory of the General Electric Vapor 
Lamp Co., Hoboken, N. J., several triple-electrode neon tubes were 
constructed. While they are much superior to the ordinary neon 
tubes having two electrodes, they have several defects which prevent 
their use in ultraviolet meters for precision measurements. There is a 
leakage in these tubes that must be counterbalanced by a resistance in 
parallel with the photoelectric cell. Moreover, the Levdidiows and 
recovery voltages are not absolutely constant. Although much more 
sensitive than neon tubes having two electrodes, the sensitivity is 
insufficient to give the high audio frequency desired when activated by 
small photoelectric currents, and operated in connection with radio 
apparatus and frequency meters. 

It is to be noted that the triple-electrode neon tube may find valuable 
applications in the operation of relays without the use of auxiliary 
radio amplifying apparatus. 
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Consideration was then given to other methods of producing an 
audio-frequency signal, including the use of a leaky triode previously 
used by one of the writers [3] for the production of a change in pitch 
of the sound: in a telephone receiver, when used in connection with a 
photoelectric cell. In this connection our attention was called ‘to the 
use, by Herold [4], of a standard radio tube (type 57) in place of a 
neon tube to produce an audio frequency. 

For our work a similar type (1A6) tube was chosen because of its 
low filament current and voltage. This tube is a stable oscillator and 
has a high grid-circuit resistance (partly due to the location of the 
grid at the top of the tube), and, hence, provides an extremely sensi- 
tive means for measuring low photoelectric currents. The complete 
instrument (see fig. 4) is about one hundred times as sensitive as could 
be made by using the special neon tubes, and should be practical for 
measuring currents as low 
as about 10-” or 10-" am- Cc 
pere. ia6_[" Y 

In operation, the con- 
denser C is adjusted to the 
proper capacity to give a 
suitable audio signal when 
the photoelectric cell is illu- 
minated. On covering the 
cell the frequency of the 
signal generated by the tube 
decreases to one or two cy- OUTPUT 
cles per second. 

Only the generator stage 
is illustrated in figure 4. 
The output from this unit | 3 [225 |45v 
may be coupled directly into 4} Sw Jefefe fof 
the transmitting oscillator R=50000 OHMS 
tube of a radio transmitter C=0 f 
on an unmanned balloon. =.00004% & 

If, however, the meter is to Ficurr 4.—Wiring diagram of the photoelectric 


be used at aground station, 4s pot se spies for modulating the 
4 . carrier wave in isst ; 
additional stages of audio- ein the radio transmission of signals. 


frequency amplification must be added to supply sufficient power to 
operate a frequency meter or an automatic frequency recorder. 

This instrument may be calibrated against a previously standard- 
ized meter, or directly against an ultraviolet standard of radiation 
[10], as is done with the ordinary type of balanced amplifier photo- 
electric meter [6]. The calibration of the frequency weal is made in 
terms of microwatts per square centimeter, for example, for a certain 
band of radiation in sunlight. The radiation intensity may be read 
directly from a calibrated frequency meter or automatically recorded 
with suitable apparatus. 

However, the primary purpose of this investigation was the devel- 
opment of means of transforming small photoelectric currents into 
suitable pulses for automatic transmission by radio from small sound- 
ing balloons released into the upper atmosphere. When coupled into 
the oscillator circuit of a small transmitter this method appears to be 
ideal for transmitting data on the intensity and spectral!quality of the 
ultraviolet solar radiation in terms of an audio-frequency modulation 
of the carrier wave. 
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MEASUREMENTS OF FLAME VELOCITY BY A MODIFIED 
BURNER METHOD 


By Francis A. Smith and S. F. Pickering 


ABSTRACT 


This paper describes a study of the application of the burner method to the 
determination of the velocity of propagation of flame relative to mixtures with 
air of various combustible gases. Observations have been made on the effect of 
varying the size of the burner port, of changing the velocity of flow of the mixture 
from the burner, of changing the composition of the mixture, and of different 
methods of measuring the flame and computing the result. All of these factors 
relate to problems of gas utilization. 

The apparatus and procedure are described in detail. The relationships de- 
veloped between the size and shape of the flame surface as related to the diameter 
of the burner port and the composition of the mixture lead to the following con- 
clusions: 

1. The most consistent results by the burner method, regardless of variations 
in the above conditions, are obtainable when the shape of the flame surface most 
nearly approximates a geometrical cone. 

2. Distortion at the tip and base of the flame may be minimized by using mix- 
tures in nearly theoretical proportions. 

3. Measurements of the slope of the flame surface (at a point on the radius 
0.7 r from the axis) involve a portion of the surface little or not at all affected by 
the distortion at the tip and base. 

4. The adequate separation of the tip and base to leave a portion of the sur- 
face unaffected by distortion may be accomplished by the use of burners over 4mm 
in diameter. 

5. Measurements of the entire surface area may yield results considerably 
more in error on account of departures from the geometrical shape than those 
computed from measurements of the angle between the axis and the side of the 
flame surface at 0.7 r from the axis. 

6. The only points on the curves of two or more fuel gases which even approach 
suitability for a direct comparison between the different gases are the maxima. 

An attempt has been made to derive the shape of the flame surface by the ap- 
plication consecutively of a series of facts and assumptions based on facts. 

The flare at the base of the flame surface where it overhangs the burner port 
is explained in terms of the magnitude and direction of flow of the gas mixture 
rather than by a cooling effect of the port. 

The gap between the flame and the metal port is considered to represent the 
distance required by the temperature gradient from the port to the flame front. 

A gradient layer underlying the entire flame surface is postulated, with a thick- 
ness similar to that of the gap between the flame and the metal port. 

The curvature of the upper part of the flame surface convex upward may be 
caused by a modification of the originally parabolic distribution of the velocity 
of flow of the combustible mixture, after leaving the burner tube, rather than by 
an increase in the flame speed caused by a higher initial temperature of the com- 
bustible mixture. The rounding off of the extreme tip, however, is doubtless 
caused by the overlapping of the thin gradient layers and may result in an actual 
— in the flame speed to several times the speed in other parts of the flame 
surface. 

7 
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I. INTRODUCTION 


The velocity with which flame is propagated in the combustible 
mixture issuing from the ports of a gas burner is one of the important 
factors which must be taken into account in any study of the per- 
formance and design of gas burners. 

It was thought that a knowledge of the flame velocity in mixtures 
of the single combustible gases in varying proportions with air and 
with oxygen would be required if a means of calculating the flame 
velocity in complex mixtures of these constituents with air and oxygen 
was to be found. It was also desired to correlate the flame-velocit 
data with the conditions under which the flame flashes back throug 
the ports of the burner, or blows off from them. Therefore, the 
measurement of the flame velocity in simple mixtures of a number of 
the constituents encountered in the various fuel gases was under- 
taken. 

The fact that many workers using different methods obtain differ- 
ent results, which cannot be readily correlated or even compared on 
a common basis, makes the problem of determining flame velocities 
and applying the results a rather difficult one. There are several 
reasons for this. One source of confusion is that flame velocity, like 
“flame temperature”, “ignition temperature”, “explosive and in- 
flammable limits’’, etc., has been too often considered to be a charac- 
teristic of a gas itself. Actually all of them are properties of the sys- 
tem as a whole, including usually the apparatus. Kach of these so- 
called properties depends to so great an extent upon other factors 
that the identity of the combustible gas can be considered as only 
one of the several factors which, taken together, determine the nu- 
merical values in a given case. Such data must be used with the 
knowledge that the numerical values given may or may not be appli- 
cable to conditions which differ from those under which the measure- 
ments were made. 

Furthermore, a direct comparison between two individual combus- 
tible gases with respect to flame velocity is not the simple matter it 
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appears to be at first glance. For example, the data from the two 
gases may be obtained by the same method, with the same apparatus, 
and the comparison may be made (a) by substituting one combus- 
tible gas for the other in a gas-air mixture which is otherwise un- 
changed in composition and temperature. The two gases may be 
methane and propane, each constituting 7.5 percent of its mixture 
with air. An examination of the curves plotted in figure 5 shows that 
all that can be elicited from such a comparison is that the flame 
velocity in a very lean mixture containing 7.5 percent of methane is 
more than twice that in a very rich mixture containing 7.5 percent of 
propane. (b) The comparison may be made between mixtures, each 
of which contains the same percentage of the total air required for the 
complete combustion of the respective gases. ‘The curves plotted in 
figure 4 show that such a comparison may be valid between methane 
and propane, but if either of these gases is compared with hydrogen 
in mixtures containing, for example, 80 percent of the air required for 
complete combustion, the same difficulties are encountered as before 
but not to such an extreme degree. Such-comparisons are obviously 
invalid, and the alternative of choosing tHe maximum-speed mixtures 
as the only points on the curves which arg’much more than roughly 
comparable one with another must_be a¢cepted. Even with maxi- 
mum-speed mixtures, the flame velocities obtained by different 
methods may be compared with validity only when each method 
yields the same result with a given mixture, the composition, tempera- 
ture, and pressure being the same in each case. 

In making use of data, care must be taken to select those which 
have been obtained by the method most nearly corresponding to the 
experimental or practical conditions with which the data are to be 
connected, until more is known than at present concerning the 
mechanism of each process. For example, if detonation is involved, 
data obtained with detonating mixtures should be used. If the 
interest is in the behavior of flames in closed vessels, use should be 
made of data so obtained. If the question concerns the velocity in 
space (relative to a stationary object) with which flame travels in 
tubes or tubular openings of various sizes in various materials, the 
results obtained by the use of corresponding (or similar) tubes may 
be applicable. If the velocity in space of flame in large tubes or in 
the open is in question, the data must come from work done in tubes 
of corresponding diameter. 


II. CHOICE OF METHOD 


A survey of the methods in use for determining flame velocities 
resulted in the selection of the bunsen-burner method for the present 
study, for a number of reasons. 

The method of Bunsen [1],! modified successively by Gouy [2], 
Michelson [3], Ubbelohde [4], and by Stevens [5], was found by 
Stevens and by the present authors to yield results which, in the case 
of CO—-O, mixtures, were in surprisingly good agreement with results 
obtained by the “constant-pressure bomb” or “soap-bubble’”’ method 
of Stevens [6]. Both methods permit the evaluation of the velocity of 
the combustible mixture in space, and the determination of the 
velocity of propagation of the flame relative to the combustible 
mixture. 


1 The fgues given in brackets here and throughout the text correspond to the numbered references at the 
end of paper. 
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The use of the burner appeared to involve fewer difficulties in the 
construction of the apparatus, was more readily adapted to use in the 
related problems of burner performance, and permitted the collection 
of flame-velocity data under conditions which approximate those to 
which they were to be applied. 

It is recognized by the authors that the burner method in general 
may not be a particularly accurate one for the determination of 
absolute values for the rate of propagation of flame relative to the 
mixture in which the flame travels. However, the method herein 
described, as will be shown later, is suited to direct comparisons 
between the maximum flame velocities shown by various fuel gases 
under a given set of conditions with a precision of about 2 percent or 
better. 

It was hoped that the apparatus and technique described in this 
paper would eliminate most of the objectionable features of the 
general burner method. It developed, however, that the numerical 
result obtained for the flame speed was not entirely independent of 
the diameter of the burner tube, a circumstance reported by Ubbel- 
ohde and Hofsiss [7] in 1913, but which has been neglected by many 
workers who have made use of various modifications of the burner 
method. 

III. DESCRIPTION OF THE METHOD 


The method in principle is the same as that employed by Bunsen [1], 
Gouy [2], Michelson [3], Ubbelohde [4], Mache [8], and Stevens [5], 
but was modified further in certain respects by the authors. 

These modifications were, in large measure, refinements to determine 
or to control conditions with a view to eliminating variables, the 
effects of which might obscure those under investigation. The 
numerical result depends to so great an extent on the conditions of 
operation and the methods of measurement and computation, that 
careful control and careful specification of experimental conditions 
are essential. It seems desirable, therefore, to describe in some 
detail the apparatus and technique employed in the present work. 

A brief review of the essential points of difference in the methods 
of some of the investigators named above may serve to clarify refer- 
ences to various modifications which have been made since Bunsen’s 
original attempt to measure flame velocity by means of a burner. 

Bunsen [1] assumed that the velocity of the flame front downward 
just exceeded the velocity of the gas mixture upward at the moment 
when the flame flashed back down the burner tube. Obviously this 
could be true only if the velocity of the stream of gas mixture was 
the same at the center of the burner tube as it was at the walls. 

Gouy [2] probably sensed something wrong with Bunsen’s assump- 
tion, for he at first considered the flame velocity to be equal to the 
product of the velocity of the gas mixture with the sine of the angle 
which the side of the flame cone made with its axis. Then finding 
that the surface formed by the flame front did not approximate suffi- 
ciently to a true cone, and that the result obtained depended upon 
what part of the flame front he used when he measured the angle, he 
eliminated the angle from consideration by setting the velocity of 
the flame equal to the volume rate of flow of the mixture divided 
by the area of the flame surface. This involves the concept of flame 
velocity as simply the rate of transformation of the mixture, without 
the necessity of considering the velocity of the gas mixture and its 
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direction of flow. The two concepts would yield identical results if the 
flame surface were a geometrical cone with the burner port for a base. 

Gouy determined the area of the flame surface from measurements 
of the image of the flame projected on a screen. Considering the 
figure as a surface of revolution, he obtained the area by integration. 

Michelson [3] measured the volume rate of flow of the mixture 
and determined the actual area of the ‘‘cone” by treating measure- 
ments of enlarged photographs in the same way that Gouy had done. 

Ubbelohde [4] concluded that the rounded tip and the curved 
base of the flame surface represented deviations from what he termed 
the “normal’’ flame velocity, so he measured the angle made by the 
“straight” portion of the flame surface with its axis, and computed 
the result as Gouy had done originally. 

Stevens [5] was unable to obtain results with the burner which were 
in satisfactory agreement with the results he obtained with the 
“bubble” when he determined the area of a flame surface as Gouy 
and Michelson or Ubbelohde had done. He recognized, as did 
Ubbelohde, that the approximately conical flame surface was the 
resultant of several components, one of which was a mixture velocity 
which varied from practically zero at the walls of the burner tube to 
a maximum at the center. Stevens, therefore, decided to make use 
of only that part of the flame surface which resulted from gas mixture 
whose actual linear velocity was equal to the mean velocity over the 
cross section of the stream. He constructed on his photograph a 
triangle having as its base the cross section of the burner tip and sides 
parallel to the tangents to the flame surface at the part where the 
velocity of the mixture equalled the mean velocity. Considering this 
triangle as a section through the axis of a cone the area of the cone 
was easily calculated without integration from the measured altitude 
and base, and values obtained from it for the velocity of the flame 
front relative to CO-O, mixtures agreed with those obtained with 
the bubble so closely that the two methods, for many purposes, could 
be used interchangeably. 

A number of other workers have adhered to Gouy’s assumption, 
expressing flame velocity in terms of volume of combustible mixture 
per second divided by the area of the flame surface. Of these, some 
use the actual integrated area of the flame surface and others use the 
area of a geometrical cone having the burner port as a base. The 
area of this geometrical cone has been arrived at in various ways, 
among which are the following: (a) by using the actual measured 
height of the flame cone; (b) this cone height corrected by a factor 
designed to bring the numerical result into agreement with the results 
obtained by integrating the surface of revolution; (c) by using the 
angle between the straight portion of the side of the flame and the 
axis. Since the area of the burner port divided by the lateral area 
of a geometrical cone of which the burner port forms the base is equal 
to sin a (where a is the angle between the side and the axis of the 
cone), the cone may also be defined by the burner port and the angle a. 
All of these expressions would lead to the same numerical result were 
the flame surface a geometrical cone. 

Instead of measuring and computing the area of the cone as Stevens 
had done, the present authors have chosen to measure directly the 
angle a between the tangents and the axis, which, together with 
the burner port, is sufficient to define the cone. Instead of dividing 
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the volume rate of flow of the combustible mixture by the area 
of the cone to obtain the flame velocity, it has been divided by the area 
of the burner port, thus obtaining the average linear velocity of flow 
of the mixture. The angle is measured at that part of the flame 
surface where the local velocity of flow of the mixture is equal to the 
average velocity. The sine of the angle a, multiplied by the average 
velocity of the mixture, then gives the same numerical value for the 
flame velocity as does the other method. This is essentially a com- 
bination of the original method of Gouy [2] 
with those of Michelson [3], Ubbelohde [4], and 
Stevens [5]. 

The distance, from the center of a tube, at 
which the velocity is the mean for the tube as 
a whole, is, theoretically, equal to 0.707 times 
the radius of the tube. Twice this distance 
will be called the “mean velocity diameter” 
and will be designated D;. This factor is con- 
stant for tubes of all sizes and for all fluids, as 
will be evident from the following relationship, 
which is familiar in hydraulics? In a tube of 
radius a@ (fig. 1) the curve x, y, z represents 
the velocity V at a distance r from the axis of 
the stream of fluid of viscosity 1 moving under 
a pressure gradient G. Then the velocity V of 
an annular ring of fluid of any radius; will be V;= 


+ (a?—r*); and the mean velocity Y will be y= 
Placing V,= Y and solving for r; . 
Ga? fk, a ee 
@—")=F 10 =5 iP =5 >T 


0.707 a. Therefore, Dy=0.707 D.* 

When measuring the photograph, D; must 
be multiplied by a magnification factor. D is 
determined by measuring the diameter of the 
burner port with a micrometer, and the mag- 
Figure 1.—Velocity nification factor is obtained from the photo- 

——— pA =_ “h graph of a scale substituted in the place of the 

tube flame in the axis of the burner tube. A pair of 

dividers is adjusted to the computed D; distance, 
and moved upon the negative image of the flame front on the photo- 
graphic plate until an outside diameter equal to this distance has 
been located, when marks are made on the image by pressing the 
points of the dividers into the emulsion. 

The marked plate is then mounted in a goniometer, illuminated 
from behind with a diffuse light, the intensity of which can be varied 
to give the best visibility of the image, and rotated until the cross hair 
of a reading telescope is judged to be tangent to the image of the flame 
surface at the mark, on first one side of the flame and then on the 
other. The angle through which the plate was rotated between settings 
is read on a vernier scale, and is equal to 2a. 

2 Derivation supplied by E. Buckingham, National Bureau of Standards. 


3 The validity of the application of the factor 0.707 to the measurement of the photographs of flames is 
treated in the section on the effects of experimental factors, page 30. 
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Angle measurements were made by two observers, one making 
settings and the other reading and recording the angles. After two 
settings on each side of the flame, the observers changed places and 
the observations were repeated, giving four valuesof 2a. The average 
of these observations was used in calculating the flame velocity, or 
rate of transformation of the mixture, which has been designated Sy. 

The volume rate of the gas mixture was divided by the area of the 
burner port computed from D, giving the mean linear velocity of the 
gas mixture. This has been designated Sy. The velocity of propaga- 
tion of the flame front, in a direction normal to its surface and relative 
to the combustible mixture in which it moves, is then given by the 
equation Sp=Sy sin a.* 


IV. APPARATUS AND PROCEDURE 
1. MANIPULATION OF GASES 


A diagram of the apparatus used for obtaining photographs of the 
flames is shown in figure 2. Those combustible gases which could 
not be utilized directly from cylinders, such as manufactured gas, 
and acetylene, were stored in two water-sealed gas holders, H, hav- 
ing a combined capacity of about 70 cubic feet. The holders were 
equipped with piping which permitted mixing the gas in the holders 
by means of a small rotary compressor. The gas from the holders 
was delivered, saturated with water, to the measuring apparatus at 
a pressure of 5 to 6 inches of water above the barometric pressure. 
“Bottled gases’’ and others which could be obtained in and utilized 
directly from cylinders under pressure were delivered directly from 
the cylinder. ‘The flow was in all cases accurately controlled by a 
good needle valve, Vi, placed far enough ahead of the capillary flow- 
meter, M;, to avoid disturbing the flow through the capillary. 

The air used was taken from the low-pressure laboratory supply, 
passed through a saturator S, the temperature of which was meas- 
ured in order that the proportion of water in the air might be known, 
and, thence, through a diaphragm pressure-reducing valve, D, past 
a tee to which was attached a 12-inch rubber pilot-balloon bag, P, 
to equalize pressure fluctuations, past a similar tee to which was 
attached a bleeder valve, V2, for the same purpose, and then through 
the needle valve, V3, used to control the flow through a capillary 
flowmeter, Me, similar to that used to measure the gas. 

These precautions proved insufficient to eliminate all fluctuations 
in the rate of flow of the gas mixture through the burner port, the tip 
of the cone showing rapid and irregular pulsations which made a 
sharply defined photographic image impossible. Some of these 
pulsations were definitely traced to pressure fluctuations in the atmos- 
phere of the room, caused by the ventilating fans. Others, which 
persisted with the fans shut down and the windows open, were im- 
posed by the movements of the air outside the building. 

A tile wall was built across one side of the laboratory, inclosing a 
space of about 700 cubic feet, which contained all the apparatus 
except the saturator and gas holders. The wall was plastered on 
both sides and all joints were sealed with bituminous cement. Open- 
ings in the wall connecting with the fume exhaust were covered with 
doors made tight with a seal of rubber tubing, as was the main door- 

‘ The apparent assumptions that flame travel is in a direction normal to its surface, and that the velocity 


of travel is proportional to sin a, are justified by an application of Huyghens’ principle to the geometrical 
derivation of the flame surface, which is treated later on p. 36, 
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Figure 2.—Diagram of the apparatus used to control and photograph flames. 
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way. The entire inner surface of the room was given two coats of 
bituminous paint to seal the plaster and provide a black interior to 
minimize reflections. This treatment eliminated the pulsations of 
the flame to such an extent that perfectly sharp images resulted from 
exposures as long as 10 minutes. 

The effectiveness of the air saturator, S, was checked by weighing 
the water absorbed by magnesium perchlorate trihydrate from a 
measured volume of air. The amount of water found in the air 
from the saturator agreed with the percentage calculated within 0.1 
percent, assuming saturation at the observed temperature and pres- 
sure of the saturator. 


2. MEASUREMENT OF GASES 


The gases were measured by passage through glass capillary flow- 
meters, M,; and Mz, equipped with slope gages. Each flowmeter 
consisted of a unit made up of four capillary tubes, 20 cm long and 
having different diameters, sealed together in parallel. Each capil- 
lary was preceded by a stopcock so that by a suitable selection of 
capillaries any desired rate of flow up to 205 ml per second could be 
obtained at a differential pressure within the range of the manometer. 

The manometers were tubes about 4 mm in diameter and 1 m long. 
A meter stick firmly fixed to the tube served as a scale. The tubes 
were inclined with the upper end 10 cm higher than the lower end, to 
which was attached the reservoir for the manometer liquid. 

A light liquid petrolatum was used because its low vapor pressure 
reduced to a minimum contamination of the gases measured, and 
because it was free from meniscus troubles. It was dyed red to 
facilitate reading the position of the meniscus. 

Both flowmeters were calibrated with air against a 0.1-cubic-foot 
wet displacement meter, which in turn had been calibrated against a 
standard 0.1-cubic-foot bottle. During the calibration of the flow- 
meters the temperature of the room was maintained at 30+0.2° C, 
and all work was done with the room at 30 +1° C, in order to avoid 
the introduction of a temperature-correction factor in the use of the 
calibration. 

The resistance to the flow of the mixture from the outlet of the 
flowmeters to the tip of the burner was kept at a minimum, and this, 
with the low differential pressure across the capillaries, kept the aver- 
age pressure of the gas in the capillary from exceeding atmospheric 
pressure by more than 1 percent at the maximum rate of flow and 
with the smallest burner. This made a pressure correction for the 
flowmeter calibration unnecessary. The differences in the tempera- 
ture and pressure at which the air was saturated in the wet meter 
and the temperature and pressure at which it was saturated in the 
previously described air saturator were taken into account in com- 
puting the volume passed by the meter. In all cases, except those 
involving very low rates of flow, the meter was timed for an integral 
number of complete revolutions in order to avoid errors arising from 
variations in the volumes of the four compartments of the meter 
drum. The time was measured with a stop watch which had been 
checked against the standard second signal and found accurate to 1 
part in 600. 


73059—36——-2 
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The capillary tubes were calibrated individually and with all con- 
nected in parallel. Smooth curves were drawn through the points, 
and the maximum deviation of the points from the curve on all curves 
but one for the individual tubes was 1 part in 460. The maximum 
deviation from the curves for the combined tubes was 1 part in 300. 
The smallest capillary of the group required an excessively long time 
to complete one revolution of the meter, so parts of a revolution were 
used, and only three points were obtained, which showed a maximum 
deviation of 1 part in 125. 

By operating the air flowmeter and gas flowmeter simultaneously, 
with the wet meter connected at the common outlet, it was then 
determined that the rate of flow indicated by the air flowmeter, plus 
the rate indicated by the gas flowmeter, was equal to the total rate 
of flow as indicated by the wet meter. This relationship made pos- 
sible the computation of the composition of the mixtures supplied to 
the burner from the flowmeter readings and a knowledge of the com- 
position of the constituents. Mixtures prepared in this manner were 
analyzed chemically, and the computed composition agreed with that 
determined by the analysis. The average percentage deviation of 
the points from the calibration curves justifies the assumption that 
the composition of mixtures may be computed in this way with a 
precision of about +0.1 percent. 

At the outset the authors desired to avoid the necessity of making 
a complete calibration of the flowmeter for each gas to be measured. 
Accordingly, it was decided to make use of a viscometer to obtain 
the ratio of the time required for the effiux of any gas to the time 
required for the efflux of the same volume of air under the same head 
and at thesame temperature,30° C. This time ratio for each gas was 
used as a correction factor applied to the air calibration. 

Unfortunately, the composition of a mixture computed in this way 
differed by 3 or 4 percent from the results of the analysis. This led 
to the discovery that the correction factor was different for different 
tubes and varied with the rate of flow. It was necessary, therefore, 
to use some of each fuel gas to calibrate as many of the tubes as were 
required directly against the wet meter. This was done at a sufficient 
number of points to establish a curve for each tube showing the 
variation of the correction factor with the rate of flow. 

With some gases the factor was small, differed but little with differ- 
ent tubes, and was practically constant at all rates of flow. With 
other gases the reverse was true. 


3. MIXING THE GASES 


The combustible gas leaving the gas flowmeter passed through a 
metal tube which extended downward into a metal box only slightly 
larger than the tube. The gas flowed from the tube through a num- 
ber of holes in the sides. ‘The air entered the box from the air flow- 
meter and flowed downward past the holes from which gas was issuing 
and thence out through a metal pipe which led to the burner. The 
front of the box was closed by a window of thin cellophane. The 
device, shown at # in figure 2, thus served the dual purpose of mixer 
and explosion head, protecting the flowmeters from the effects of 
explosions, which sometimes passed the flash-back trap. 

The mixing of the gases was completed during the subsequent pas- 
sage through 2 feet of iron pipe, two ells, a by-pass cock, C, and a 
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flash-back trap, T, on the outlet of which was screwed the burner, B. 
The volume of the fittings intervening between flowmeters and burner 
was kept small in order that when the composition of the mixture at 
the outlet of the flowmeters was changed by adjusting the needle 
valves, the new mixture would replace the old within a few seconds, 
even at alow rate of flow. At the same time the volume of the fittings 
was large enough and the flow sufficiently disturbed to insure a per- 
fectly homogeneous mixture at the base of the burner. 


4. BY-PASS COCK 


A large-bore cock of the plug type, C in figure 2, was placed imme- 
diately below the flash-back trap, T. It was fitted up as a tee-cock 
so that a 90° turn of the plug would cut off the flow of mixture from 
the flash-back trap and burner, and permit unrestricted flow out of the 
side opening, O, through a tube to a ventilator flue. This made it 
possible to extinguish flames which had flashed down the burner tube, 
B, and were burning in the flash-back trap, without cutting off the 
supply of gas or air, and without disturbing the flowmeter readings. 


5. FLASH-BACK TRAP 


A flash-back trap, shown at T, consisted of a cylindrical cast-iron 
dome with walls about 5 mm thick. Slots about 0.3 to 0.4 mm wide 
were sawed through the sides of this dome lengthwise. A sufficient 
number of slots provided a combined area of opening as large as the 
cross section of the pipe, so that no significant impediment to the 
flow resulted. The dome was screwed to the outlet of the by-pass 
cock, and, in turn, was surrounded by a brass cylinder, slightly larger, 
which screwed on at the base of the slotted dome. This brass cylinder 
terminated at the top in a screw fitting to which various burners 
could be attached as desired. 

The purpose of the trap was to prevent flames which flashed down 
the burner tube from traveling back to the flowmeters. Should this 
occur the supply of gas would have to be cut off until the flame was 
extinguished, which would necessitate readjusting the flow to the 
desired rate. The flames being unable to pass through the narrow 
slots against the high velocity, burned on the outside of the dome 
which, having thick walls, readily dissipated the heat evolved for a 
short time. The flame was then easily extinguished when the stream 
of mixture was diverted by means of the by-pass cock. The slotted 
dome was a part of a burner designed by the National Lighting Co., 
for use with acetylene. 


6. THE BURNER 


Several burners of different diameters were used, the construction 
of which is indicated at B. All were made of seamless brass tubing, 
the inside surface of which was cylindrical and polished smooth. 
The burner tubes were mounted on duplicate bases, so that they might 
be readily interchanged. They were inclosed in water jackets to 
prevent preheating the gas mixture to an unknown and variable 
temperature. Any uncertainty in the temperature of the mixture 
would cause a corresponding uncertainty in its volume rate and con- 
sequently in the velocity with which it issued from the burner tip. 
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The temperature of the mixture was maintained at 50° C during the 
studies on all except the first three gases. This was done to prevent 
the condensation of moisture from the flame around the rim of the 
port. In the case of the first three, hydrogen, carbon monoxide, and 
acetylene, the temperature was approximately 30° C. Subsequent 
investigation, to be reported in another paper, showed that the effect 
of changing the temperature by 20° C in this temperature range was 
not sufficient to justify repeating the work on these three gases. 

The gas mixture was preheated on its way to the burner by a 
nichrome coil heated electrically and placed directly in the gas stream. 
Water at 50° C was circulated through the burner jacket, and the 
temperature of the unlighted mixture was measured at frequent 
intervals by means of a thermocouple swung into position just above 
the burner port. A detailed description of this equipment will 
constitute a part of the subsequent paper mentioned above. 

The lengths of the burner tubes were, in all cases, more than 40 
times their diameters. This was ample to permit eddies and turbu- 
lence introduced by the flow through the various fittings to die out 
and insure laminar or streamline flow of the mixture before it reached 
the tip of the burner. A permanent condition of turbulent flow would 
result only in case the value of the Reynolds number RB is allowed to 
exceed 2,300.5 The range of operation was kept below this limit. 








7. THE CAMERA 


The camera used to photograph flames for measurement in the 
determination of flame velocity was made in the woodworking shop 
of this Bureau from a sketch supplied by the authors. A few parts, 
bellows, plateholders, and lens with its mechanism, came from other 
sources. The lens was a U.S.4 rapid rectilinear of the Bausch and 
Lomb Optical Co. The bellows could be extended to 20 inches, 
which permitted focusing at short object distances, as well as magni- 
fication in the case of small flames. Ordinarily the magnification 
factor was kept at about 2. 

Six pictures were made on each 5- by 7-inch plate by shifting the 
plateholder past a vertical 1-inch focal plane stop placed in the center 
of the field. The exposure time varied according to the intensity 
and actinic quality of the light from the various flames. Times as 
long as 4 minutes were required in the case of the hydrogen flame. 
In most cases the time was about 1 second. 

The brightly illuminated scale used to determine the magnification 
factor was used as the object upon which to focus the camera, the 
image being formed on a fine-ground glass plate substituted for the 


plateholder. 
8. THE GONIOMETER 


The instrument with which the angle a was determined was designed 
to permit rapid measurement, with a minimum of fatigue to the eyes 
and nerves of the observers, maximum freedom from personal errors, 
and the highest practicable precision. The instrument shown m 
figure 3 was found to be very much better, in all respects, than any 


R and 


D=diameter of burner tube, expressed in centimeters. 
V=velocity of fluid, in centimeters per second. 
d=density of fluid, in grams per cubic centimeter. 
u= viscosity of fluid, in cgs units. 
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Ficgtre 3.—Goniometer and reading telescope for measuring the angle between the 
two sides of the flame surface. 


ng the photograph, a mirror was mounted over the illuminator in the hope of showing vernier 
and scale on the back of the goniometer. 
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of the four or five devices which had previously been used, improved 
upon, and discarded. The time required and the resulting fatigue 
were greatly reduced and the precision was improved by decreasing 
the number of operations and by simplifying those which remained. 
The personal element was eliminated from all of the operations except 
that in which the observer was required to set the cross hair of the 
reading telescope tangent to the curved flame surface at a marked 
point. The radius of curvature of the flame surface was not constant, 
the curve resembling a parabola, so the operation involved personal 
judgment trained by a study of the geometry of the figures, and some 
practice, before settings could be reproduced with desirable precision. 
In order to reduce the effect of this personal factor, two observers 
made settings alternately and their results were averaged. The 
precision attainable was a function of the character of the flame, the 
character of the negative, and of the curvature of the flame surface. 
The average deviation of all the angles measured from the means 
of their groups was 2.3 percent. 


9. TREATMENT OF THE RESULTS 


The numerical results obtained in this investigation add little to 
the mass of data already on record, and are presented here primarily 
to serve as a basis for the investigation and discussion of the effects 
upon them of changing several experimental variables. 

The data are in approximate agreement with those of other workers 
with the burner method and, in the case of CO-O, mixtures, with the 
bubble method of Stevens. Flame speeds derived from measure- 
ments in 1-inch horizontal glass tubes are, however, very nearly twice 
those obtained with similar mixtures by the former two methods, 
probably because the combustible mixture in which the flame traveled 
was itself moving along the tube. Chapman and Wheeler [9] show 
that this occurs in the case of tubes open at both ends. 

All the data have been plotted as shown in figure 4. Smooth 
curves have been drawn through the points so that the sum of the 
= and negative deviations of the points from their curve is very 
small. 

The composition of the mixtures has been expressed in terms of the 
air in the mixture, as compared to the total amount required for the 
complete combustion of the gas. The abscissas, therefore, represent 
primary air, expressed as percentages, of the total air required. 
(Primary air is that which is mixed with the gas before combustion. 
The remainder of the air required for complete combustion must come 
ay the atmosphere surrounding the flame, and is called secondary 
air. 

This means of expressing the composition places all the gases as 
nearly as is possible upon the same basis, not only on the score of the 
air required for complete combustion, but on that of heat of combus- 
tion as well, for the heat evolved is at least roughly proportional to the 
oxygen consumed. 

_ The data have also been plotted in figure 5, in which the composition 

is expressed in terms of the percentage of combustible gas in the 

mixture. This has been done only to facilitate comparison with the 

= of other investigators and to illustrate certain points under 
scussion. 
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V. DEPENDENCE OF NUMERICAL RESULT UPON 
EXPERIMENTAL FACTORS 


In order to provide a basis for the investigation of the effects of 
changing experimental factors on the numerical result obtained, the 
following assumption has been made. 

In any combustible mixture of gases, of given composition, tempera- 
ture, and pressure, there is a definite fixed value for the velocity of 
propagation of flame relative to the gas mixture. Consequently, if 
different values are obtained by different means, it must be concluded 
either that one of the supposedly fixed experimental conditions was 
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Figure 4.—Flame-velocity curves for siz fuel gases. 


The curves are plotted to place these gases on a common basis with respect to the air required for 
combustion, and nearly se with respect to heating value. 


not what it was supposed to be, or that the differences in the numerical 
result have been imposed by differences in the methods of measure- 
ment and computation, or by the apparatus. 

On this basis, the degree to which the numerical result is found to 
be independent of the method or apparatus used to obtain it may be 
used as a criterion of the extent to which that result approaches the 
supposedly correct definite fixed value assumed above to exist. 

An attempt has been made to discover the cause of differences in 
the numerical result obtained when the flame velocity relative to 
comparable gas mixtures has been computed under varying conditions. 
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The variables were average velocity of mixture, composition, size of 
port, the angle a, and the method of measurement and computation. 
Insofar as it was practicable they were varied one at a time. 


1. EFFECT OF MIXTURE VELOCITY 


With a gas mixture of given flame velocity, the magnitude of the 
angle a depends upon the velocity with which the mixture flows from 
the burner port. Inereasing Sy decreases a, and vice versa. It was 
desired to know whether the product Sy sin a, which is the flame 
velocity Sy, was dependent upon the magnitude of Sy. 
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Figure 5.—The flame-velocity curves of figure 4 plotted in the usual manner, with 
“percentage of gas in the mixture” as abscissa. 


Accordingly, the following test was applied to the largest and to 
the smallest of the burners used in this study, which were 9.60 mm 
and 2.75 mm in diameter, respectively. A gas was selected for each 
which would accommodate a large change in Sy between the limits 
at which the flame flashed back or lifted off when burning the mixture 
in which S; was a maximum. The mixture of maximum Sy was 
chosen, because at or near the maximum small changes in composition 
have least effect upon Sy. The flowmeters were adjusteditofgive 
mixtures of very nearly the same composition at several different 
rates of flow, the highest rate being nearly three times the lowest 
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rate in the case of the large burner, and nearly twice the lowest rate 
in the case of the small burner. Sy; was computed for each rate. 
The results are shown in table 1. Regardless of allowable variations 
in Sy, because of variations in composition from the maximum-speed 
mixture, the average deviation from the mean value of Sy was 0.67 
cm per second, or 2.0 percent, in the case of the large burner, and 
0.70 cm per second, or 1.5 percent, in the case of the small burner, 
This variation corresponds approximately to the precision of the 
measurements. The conclusion is that the numerical result obtained 
is independent of the velocity of flow of the gas mixture within these 


limits.® 
TaBLE 1.—Effect on Sr of changing the velocity of the same mixture 


(A) 9.60-MM BURNER. PROPANE-AIR. 





Mean 
velocity of 
mixture 


Gas in 


Angle Mixture 
mixture 


measured rate 





ml/sec 
46. 62 
62. 43 
80. 02 
94. 51 
112. 14 
128. 42 


cro/sec 
4 


111.7 


Nworwoauwo 


21° 6’ 





(B) 2.75-MM BURNER. CITY GAS-AIR. 





17. 55 
17. 56 


13. 16 
12, 44 


24° 6 
26° 2’ 


28°16’ 
31° 6’ 
36° 6’ 
43°39’ 


11. 48 
10. 17 
8. 93 
7. 65 


17. 48 
17. 47 
17. 57 
17. 53 




















2. EFFECT OF THE SIZE OF THE BURNER PORT AND OF THE 
METHOD OF MEASUREMENT OF THE PHOTOGRAPHS 


During the course of this investigation burners of different sizes 
have been used for various reasons, but primarily to secure stable 
flames with each of several fuel gases whose mixtures with air differed 


widely one from another in flame velocity. It was, therefore, neces- 
sary to know whether the numerical value of S, obtained was in any 
way dependent upon the size of the burner with which it was deter- 
mined. Accordingly, several determinations were made using mix- 
tures of air with the same fuel gas (city gas) on each of four burners 
having diameters of 9.60, 6.50, 4.45, and 2.75 mm, respectively, main- 
tained at 50° C. The resulting curves are shown in figure 6. 

In the course of a description of a method and apparatus which 
incorporates many of the features of the apparatus described in this 
paper, Corsiglia [10] states that direct comparisons between burners 
of different sizes showed them to be in agreement within the limits 
of experimental error. The method of measurement and computa- 
tion by which the flame-velocity data were derived by him from the 
photographic negatives was essentially a combination of those of 

6 Ubbelohde and Koelliker [4] have determined the maximum flame velocities in Hs-air mixtures for 
pa want a ye velocities. ‘The maxima were constant for the two points in which the flow in the burner 


laminar, R<2,300, but the velocity of the mixture measured next was 1,300 cm per second 
giving R=>2,400, and showing an increase in the value of the maximum flame velocity. 
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Smith | ] 
Pickering 
Michelson [3] and Gouy [2]. The enlarged image of the original 
negative projected upon a ground-glass surface was traced, and the 
necessary measurements were made from the tracing. The area of 
the surface of revolution was computed in a manner which probably 
differed somewhat from that of Gouy and Michelson, no integration 
being required except that performed by a planimeter in determining 
the area of the axial section delineated by the photograph. 
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Figure 6.—Flame-velocity curves abtained with burners of different sizes burning 
miztures of the same gas with air. 


In view of the discrepancies which appear in figure 6 between the 
curves obtained with the four burners by the method in which the 
angle a is used as the basis of computation, it was considered desir- 
able to make some comparative measurements to see whether the 
agreement between results from the different burners was improved 
by the use of the area of the flame surface in computing the flame 
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velocity.” Differences in the shape of the flame surface when the 
same mixture is burned on burners of different sizes immediatel 
suggested themselves as a possible cause of such discrepancies. Such 
differences in shape have long been noted.’ 

For example, the base of the flame surface is somewhat larger in 
diameter than the port, and this “overhang” appeared to be greater 
with small ports. A few preliminary measurements indicated that 
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Figure 7.—Effect of burners of different sizes on the shape of the flame surface 


Within each set of four there was kept constant (a) the composition, temperature, and pressure of the 
combustible mixture, thus fixing the value of S17; (b) the mean velocity of flow of the mixture, thus fixing 
the value of Sm. Photographs of the four burners of each set have been enlarged by different amounts to 
give each burner port the same apparent diameter, the position of which with respect to the flame is indi- 
cated by the horizontal lines under the flames. 


the overhang was nearly the same for large and small ports, and, con- 
sequently, was a much larger proportion of the port radius in the case 
of the smaller burners. The larger ports produce flame surfaces with 
relatively sharp tips and sides which are concave near the base. 


7 Computations based on measurements of the “‘cone height’’ involve, for the most part, determinations 
of the area of the flame surface made from time to time and the use of a correction factor which, with the 
cone height, will give this area. Such a procedure is, therefore, roughly equivalent to that of Corsiglia, 
provided such correction factors have been determined over a sufficient range of fiame shapes to determine 
the variation of the factor with the shape of the flame. 

§ Ubbelohde and Koelliker [4] describe a method by which the form of the inner cone may be derived 
from the parabolic distribution of the mixture velocity across the diameter of the port. hs. conclude 
that burners of different sizes will yield different results, but that the differences become_negligible with 
large burners and with mixtures of nearly theoretical proportions. 
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With the smaller ports the flame surface tends to become thimble 
shaped, the tip becoming broadened into a dome. Similar changes 
in the shape of the flame surface occur with the same port as the pro- 
portion of air in the mixture is reduced. 

In order to facilitate direct comparison of the flame surfaces result- 
ing from the use of ports of different sizes, and to compare the results 
obtained by the two methods of measurement and computation, a 
set of photographs were made under the following conditions. The 
composition of the mixture and its temperature were kept constant, 
thus fixing the actual flame velocity and, consequently, the product 
Sw sin a. The rate of flow was adjusted for each burner so that the 
mixture flowed from each port with the same average velocity, Sy. 
Any differences in the product Sy sin a would then be concentrated 
in the angle a. The detection of differences in shape between flame 
surfaces of different size was simplified by enlarging the negatives 
by appropriate factors, which gave all the ports the same apparent 
diameter. If changing the diameter of the port by substituting 
burners of different size had no effect, all the negatives should, under 
these conditions, have the same angle a, the same area of flame 
surface, and the same shape. 

A set of negatives was made in this way for each of three mixtures 
which contained the following proportions of the total air required 
for complete combustion: 103 percent (high primary air), 90 percent 
(maximum Sy), and 62 percent (low primary air). Figure 7 shows 


TABLE 2.—Effect of changes of port diameter upon the area of the flame surface and 
upon the angle a; and the consequent effect on the numerical value of flame velocity 
calculated from the angle as compared with that calculated from the area 


SET A. LOW PRIMARY AIR 





Port diameter (mm) 2.75 





Composition of mixture (%) 62.3 
Velocity of mixture (Sm, cm/sec) 85. 4 
19°5' 
Enlarged area ! 654. 0 
27.9 


Flame velocity (cm/sec) volume rate_ 18.5 


actual area 





SET B. MAXIMUM-SPEED MIXTUR 





Composition of mixture (%) 
Velocity of mixture (Sm, cm/sec) 


Sm sin a 
volume rate _ 


actual area 





SET C. HIGH PRIMARY 





Composition of mixture (%) : ‘ ; 103. 7 
Velocity of mixture (Sm, em/sec) . 2 , . pa 
20 , 

9 i 453. 8 
SM sin @ ‘ i 4 48.1 
volume rate _ 43.6 


actual area 

















1 The enlarged area is the area of the flame surface, in arbitary units, measured after the flames have been 
brought to a common basis for comparison, by enlargement of all ports to the same apparent diameter. 
If changing the size of the port had no effect upon the shape of the flame, and if the flame base was congruent 
with the port, all four areas within a given set would be equal, as well as the angles. 
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the outlines of the resulting flame surfaces. A line drawn beneath 
each flame represents the approximate position and apparent diam- 
eter of the port, and shows qualitatively the extent to which the base 
of the flame differs in radius and in elevation from the port on which 
it was formed. Table 2 shows the diameters of the ports, the com- 
position and velocity of the mixture, the angle a, the area of the 
enlarged surface,® and the flame velocity as derived from the angle 
and also from the actual area of the flame surface in each case. 
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Figure 8.—Flame-velocity curves derived from measurements of the flames 
of figure 7. 


The solid curves result from measurements of the angle. The dotted curves result from measurements 
of the area of the flame surface by the method of Corsiglia. 





Figure 8 shows the flame-velocity curves resulting from the two 
methods of measurement and computation. The solid curves are the 
result of measurements of the angles, and the broken curves result 
from measurements of the surface area. By reference to table 2 it 
may be seen that within each set the composition of the mixture and 
its average velocity were kept substantially the same with each of 
the four burners. In sets B and C, the angle a is surprisingly constant 


* See footnote to table 2, page 25. 
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for the three larger burners, but is somewhat smaller with the 2.75-mm 
burner in each case. In consequence, the flame velocity, as com- 
puted from the angle, also is nearly the same for each of the three 
larger burners in sets B and C, and with the smallest burner it is 
somewhat lower: Set A (low primary air) differs markedly from 
the other two sets in several respects. Not only is the angle not 
constant, but the smallest burner shows the largest instead of the 
smallest angle. The angle decreases progressively as the size of the 
burner is increased, and the numerical value for the flame velocity 
varies accordingly. This is illustrated graphically in figure 8 by the 
divergence of the solid curves below 75 percent of the total air required. 

In none of the sets is the area of the surface the same for the various 
burners, but the area decreases progressively in sets B and C, and it 
causes a corresponding increase in the numerical value for flame 
velocity computed from the area, as the size of the burner is increased. 
This is illustrated in figure 8 by the divergence of the broken curves 
above 67 percent of the total air required. Set A, again, differs from 
the other two, showing a progressive increase in area and a correspond- 
ing decrease in the computed flame velocity as the size of the burner 
is increased. 

Both methods of computation result in numerical values for the 
flame velocity which vary with the size of the burner port. In rich 
mixtures, the smaller the burner the higher is the apparent flame 
velocity.” In lean mixtures, the smaller the burner the lower is the 
apparent flame velocity. 

When computed from angle measurements the numerical values 
for flame velocity were substantially the same in the vicinity of the 
maximum with burner ports from 9.60 mm down to 4.45 mm in 
diameter. The 2.75-mm burner showed a result about 11 percent 
lower at the maximum. In the rich mixtures the agreement was 
very poor, the 2.75-mm burner showing a numerical result twice that 
shown by the 9.60-mm burner. 

When computed from area measurements, the numerical values 
for flame velocity are substantially the same for all the burners at 
about 67 percent of the total air required and diverge markedly in 
both directions. The 2.75-mm burner shows a result over 30 percent 
less than that shown by the 9.60-mm burner at the maximum. In the 
rich mixtures the spread of the results from all the burners is only 
about one-third as great as the spread shown when the results are 
computed from angle measurements. The curves for the 9.60-mm 
burner computed by both methods are in good agreement from about 
60 to 75 percent of the total air required. 

As has been stated previously in this paper, excellent agreement 
was found between the maxima of the flame-velocity curves for 
CO-O, mixtures (containing the same amount of water vapor in both 
cases), one curve being obtained from computations based on the angle 
of the flame surface on a 3.85-mm burner, and the other curve from 
results obtained by Stevens using the bubble method. In view of 
the above, and of the findings of Ubbelohde and Koelliker [4] and 
Ubbelohde and Hofsiss [11], it is concluded that when the burner 
method is used, computations on the basis of the angle of the flame 

 Ubbelohde and Hofsiss [11] discuss some of the sources of error inherent in several of the methods of 
measuring the cone and computing the flame velocity. They mention that the result obtained depends 


upon the secondary cumebention and is too high. This error disappears as the composition of the mixture 
approaches the theoretical, and it is larger with smaller burners. 
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surface at the mean velocity diameter yield results which are sub- 
stantially correct for mixtures in which the flow is laminar, in which 
the flame velocity is near its maximum, and for burners not much 
smaller than 4 mm in diameter. 

It is also concluded that only if the shape of the flame surface did 
not depart markedly from that of a geometrical cone could computa- 
tions based on the actual area of the iReens surface be expected to yield 
substantially the same results as those based on the angle, and only 
then could either be considered to be approximately correct. This 
requires that the tip of the flame surface have a reasonably sharp point, 
and that the area of its base exceed the area of the burner port by only 
a negligible amount. These conditions exist only in the vicinity of 
the maximum flame velocity and on relatively large ports. Few of 
the flames from which figure 8 is derived sufficiently approximate this 
condition. 

That the same numerical result was obtained for the maximum flame 
velocity on all but the smallest of the four burners when the computa- 
tion was made on the basis of the angle, shows that the angle is 
affected much less than the area by changes of burner size. 


3. EFFECT OF THE OVERHANGING FLAME 


It has been mentioned that if the base of the flame had the same 
diameter as the burner port, and if changing the size of the port had 
no effect upon the shape of the flame surface, the areas of the surfaces 
of two or more flames, when treated as shown in figure 7, should be 
equal. Reference to figure 7 makes it apparent that the flame base is 
larger than the port. This is true not only in mixtures low in prima 
air, as mentioned by Corsiglia, and in which it is very pronounced, 
but all of the negatives made during this study show that overhang 
always occurs to some extent." In many cases the radius of the flame 
base was over 30 percent larger than the radius of the port. 

There is no question that such differences must exert considerable 
influence upon the results obtained when the flame velocity is com- 
puted by different methods, such as those discussed above, but it is 
improbable that the effects upon the flame velocity set forth in table 2 
can be accounted for wholly on this basis. In order to determine the 
magnitude of the overhang, measurements were made on the nega- 
tives used in the determination of flame velocity. These measure- 
ments embrace seven gases, mixtures ranging from low to high primary 
air, the same gas mixture on ports of different size, and the same mix- 
ture on the same port at different mixture velocities. The relation 
of overhang to the composition of the mixture, to the size of the port, 
and to the mixture velocity may be brought out most simply by a 
study of the measurements of the flames shown in figure 7, and of 
those from which the curves of figure 6 and the data of table 1(B) are 
derived. Table 3 presents the data from the sources just mentioned. 
The averages of overhang measurements for each port and each mix- 
ture are shown in table 4. 

11 Ubbelohde and Koelliker [4] mention that the bases of most inner cones project laterally out over the 


burner wall and are jane emp an appreciable distance above it. The explanation given does not seem 
entirely satisfactory, and this question will be discussed in another part of this paper. 
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TaBLE 3.—Overhang as related to composition, port size, and mizture velocity 














Composition of mixture—% of the total air required 
Port diameter 62.5% 89.5% 103.5% 
Overhang Su Overhang Sm Overhang Sm 
mm mm cm/sec mm cm/sec mm cm/sec 
0.4 143 0.4 190 
b (2) .5 129-222 0.5 140 
)) | 5 85 5 121 
L ; = 8 129 5 
m é $ 145 
4.45. .----------0--------2---- { .9 95 .6 120 .6 140 
50 8 85 5 106 -5 120 
ube le eh Ow 8 81 6 120 .6 141 
9.60 7 85 5 121 5 140 
sidettilaacla adi: Salta 6 89 3 118 3 133 























Six flames of table 1(B) all had overhangs of 0.5 mm, but Sm varied from 129 to 222 cm/sec. 


TABLE 4.— Averages of the data of table 3 













































































Composition of the mixture—% of total | Average overhang for 
r requi the port 
Port diameter 
62.5% 89.5% 103.5% Percentage 
Avg Avg Avg Distance| of port 
overhang overhang overhang radius 
mm mm mm mm mm percent 
Ss cnsiehnaatbnpininnaseaipusnitlsdiot 0.5 0.5 0.5 0.5 
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Figure 9.—The relation of “‘overhang” to the composition of the combustible 
mixture. 


Measurements from the flames and ports of figure 7. 


The average overhang on a given port has been plotted as ordinate 
and the composition of the mixture as abscissa in figure 9. These 
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curves, with additional data in figure 11 show that the overhang is 
large in mixtures containing little primary air, decreases as the pro- 
portion of air is increased, and passes through a minimum in mixtures 
containing somewhat more air than the theoretical proportion, 
Although the data at hand do not all show it, the overhang again 
becomes larger with mixtures containing a large excess of air. 

The average overhang for a given mixture has been plotted as 
ordinate and the size of the port as abscissa in figure 10, which shows 
the overhang to be slightly greater on the 4.45 and 6.50-mm burners 
than on the 9.60- or the 2.75-mm burners. The difference between 
the largest and smallest overhang shown by the average curve is 
about 0.2 mm on ports which vary from 2.75 to 9.60 mm, which is 
surprisingly small. In terms of the percentage of port radius, 
therefore, the overhang is much larger in the case of the smaller 
ports, as is shown in the right hand column of table 4. 
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Ficure 10.—‘‘Overhang” as related to the diameter of the burner port. 
Measurements from the ports and flames of figure 7. 


The manner in which overhang is related to the identity of the gas 
burned is shown in figure 11. In general, the least overhang occurs 
with the gas mixture having the highest maximum flame velocity and 
vice versa. A reversal is noted in the case of methane and propane, 
however. 

The velocity of flow of the mixture has no significant effect upon 
the overhang, as may be seen from an examination of the data in 
table 3. For example, the overhang in the case of the 9.60-mm 
burner varies considerably, while the corresponding mixture velocity 
is nearly constant. On the other hand, in the case of the 2.75-mm 
burner the reverse may be true, the same overhang occurring with 
widely different mixture velocities. 


4. A TEST OF THE APPLICABILITY OF THE EXPRESSION 
D;=0.707 D 


It is obvious that the correctness of the foregoing numerical] results 
for the velocity of flame relative to the combustible mixture, and many 
of the conclusions based upon them, must rest upon the applicability 
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of the assumption that Dy=0.707 D, since this factor was used in 
all the computations of flame velocity based on measurements of the 
angle a which have been presented in this paper. 

The theoretical derivation of this factor has been given on page 12. 
Experimental data have been collected by workers in hydraulics who 
used much larger pipes. These data, while not conclusive, tend to 
indicate that the above factor is probably as close or closer to the 
truth than measurements of velocities by present means are capable 
of giving experimentally, so long as the flow remains laminar. 

The relatively large departures from the shape of a geometrical 
cone exhibited by the flames of the 2.75-mm burner (shown in fig. 7) 
and by those of set A with low primary air, and the fact that different 
numerical values for the flame velocity were obtained from measure- 
ments of these flames, suggested the possibility that some factor 
other than 0.707 might lead to more concordant results for the entire 
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Fiaure 11.—Overhang”’ as related to the identity of the combustible gas. 


group. Accordingly, the angle a was remeasured for all the flames 
shown in figure 7, at the diameters 0.6 D and 0.8 D and the results 
were plotted in figure 12 with those obtained at 0.707 D. 

It is seen that for both the mixture containing a high proportion 
of primary air and the maximum speed mixture the angle a is the 
same for the three larger burners and is somewhat smaller for the 
2.75-mm burner when a was measured at 0.707 D. «a increases with 
increasing D when measured at 0.8 D, and decreases with increasing 
D when measured at 0.6 D. For the rich mixtures a tends to de- 
ge with increasing D whether measured at 0.6 D, 0.707 D, or 

The constancy of the value of a when measured at 0.707 D (in the 
cases of the lean and maximum speed mixtures when using the three 
larger burners) and its variation in opposite directions when a was 

73059—36——3 
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measured at 0.6 D and 0.8 D, indicates that the range of variation 
of this factor within which the value of @ is independent of the size 
of the burner port is very limited; and also that the factor which 
yields a constant value of a lies much closer to 0.7 than to 0.6 or 0.8. 

The above findings point to the conclusion that within a limited 
range of port sizes and a limited range of composition of the combus- 
tible mixture, there is a very limited portion of the flame surface the 
slope of which has not been affected by the distortion at the base or 
at the tip. 

This conclusion is partially corroborative of the conclusion of 
Ubbelohde [4] mentioned on page 11 that the rounded tip and curved 
base represented deviations from the normal, but indicates that the 
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Ficure 12.—Location of the part of the flame surface at which a is independent of 
the diameter of the burner tube. 


Measurements from the flames of figure 7. 


deviations extend much further from tip and base than he supposed. 
Ubbelohde considered that the straight portion of the flame surface 
was unaffected by these disturbing influences and measured the angle 
between this and the axis. As will be seen from the discussion of 
figure 13 (III), the entire flame surface, unaffected by secondary 
influences, should be concave upward rather than straight. In this 
connection it is significant that when a was measured at 0.707 D, on 
flames with which the angle was found to be independent of the 
diameter of the port, the points marked on the images all fell on con- 
cave portions of the flame surfaces. 
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The part of the flame surface involved when a is measured at 
0.707 D, using suitable burners and mixtures, is probably affected 
little or not at all by those things which affect the tip and base, and 
which may even overlap in such cases as those of the rich mixture on 
the 2.75-mm burner. 
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_In view of the above, it seems probable that the expression S;~—Sy 
sin a is capable of yielding numerical results which are independent 
of the diameter of the port. But it is also probable that this is true 
only in case the composition of the mixture is near the theoretical and 
the burner port is over 4 mm in diameter. 
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VI. SHAPE OF THE FLAME SURFACE AS A RESULTANT 
OF SEVERAL VARIABLE COMPONENTS 


The shape of the figure assumed by the flame front resulting when 
a burning stream of combustible mixture issues from a burner tube 
approximates sufficiently to a cone to have been generally called by 
that name, even though many authorities have noted that the shape 
of the flame surface was not that of a true cone. Explanations for 
the departure of the flame surface from the shape of a geometrical 
cone have been offered by other workers [4], [12], but they are not 
entirely satisfactory. It is believed that the following discussion may 
serve to improve somewhat upon the basis for such explanations, and 
to extend them a little further in their application to the part of the 
flame nearest the burner port, even if it does not lead to a complete 
quantitative solution of the problem. Certainly there are factors, the 
quantitative effects of which are unknown. 

Among the component factors which influence the shape of the 
flame surface, the following may be listed with a fair degree of cer- 
tainty; but it is probable that the list is incomplete. 

1. The velocity of propagation of flame in the mixture. 

2. The velocity of flow of the mixture. 

3. The port of the burner tube. 

4. The transfer of heat between the different parts of the flame or 
between the flame and its surroundings. 

The first factor is, in turn, influenced by the composition, temper- 
ature, and pressure of the mixture, as well as by other factors, which 
may or may not be important. In order to simplify the following 
discussion, let us assume that the composition will be that for max- 
imum flame speed and will remain constant, that the pressure is 1 
atmosphere, and that the temperature of the mixture as it issues from 
the burner port is constant at 50°C. We have already assumed (see 
p. 20) that, given a combustible mixture of fixed composition, tem- 
perature, pressure, and environment, there is a definite fixed value 
for the velocity of propagation of flame relative to it which might be 
elicited by a proper choice of apparatus, methods of measurement of 
the flame, and of computation of the results. The gas mixture after 
it leaves the port, however, is surrounded by a cone of flame which 
raises its temperature by an amount which depends on its proximity 
to the flame surface and the time during which it is exposed to radia- 
tion and conduction from the flame. It follows, therefore, that inside 
the cone of flame, the temperature of the gas mixture rises from the 
base to the tip of the cone. This, together with the knowledge that 
the flame travels faster in mixtures having higher temperatures, leads 
to the unavoidable conclusion that the flame is not propagated with 
the same velocity at all points over its surface but must travel faster 
at some points than at others. 

The second factor is determined only indirectly in the present 
study. The volume of gas passing per unit of time is divided by the 
area of the burner port, which yields the average or mean velocity of 
flow of the gas mixture through the port. Assuming laminar flow, 
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which has already been justified,” there are several facts to be noted. 
On both theoretical and experimental grounds it can be stated: (1) 
that the distribution of velocities will be parabolic; (2) that the gas 
mixture will flow with its average velocity at a distance from its axis 
of 0.7 the radius of the circular port; and (3) that the maximum 
velocity at the axis will be twice the average velocity. In addition, 
it has been found that the diameter of a stream of unburned gas 
issuing from the port remains substantially equal to the diameter of 
the port for some 10 to 15 diameters—until the sharp boundary is 
broken up by turbulence. This indicates that there is no significant 
expansion of the stream to be expected as a result of any pressure 
change on leaving the port. There is, however, reason to expect that 
the stream of mixture surrounded by a cone of flame will rise in tem- 
perature after it leaves the port. This increase of temperature may 
be expected to cause a corresponding expansion equal in all directions 
relative to the moving stream, and consequently to deflect it outward 
from the axis by an amount which is proportional to the increase in 
the absolute temperature and which also increases as the distance 
from the axis increases. 

The third factor, the port, exerts its influence upon the shape of 
the flame surface in at least two ways, one of which has been treated 
above and illustrated in figure 7. Restricting discussion to circular 
ports, the diameter affects the shape less than it does the size of the 
flame surface (other factors remaining constant), The effect illus- 
trated may be accounted for if the dimensions of the temperature- 
gradient zones ' remain about the same, regardless of the size of the 
port. Thus the same dimension becomes larger relative to a small 
port than to a large one and the effeet is to broaden the flame surface 
relative to the port. Secondly, the material of which the port is 
made might be expected to influence the shape of the flare at the 
base of the flame surface. A material of low thermal conductivity 
would, by becoming hotter itself, allow the flame to approach nearer 
the rim of the port than would be the case where a material of high 
conductivity forces the temperature drop from flame to the initial 
temperature to take place almost entirely within the gas mixture 
alone. In the case at hand, where the port is made of material of 
high heat conductivity and maintained at the same temperature as 
the combustible mixture emerging from it, it is not clear how the port 
can exert any cooling effect upon the flame surface that would not 
also be exerted by the mixture itself at some distance above the port 
rim. Consequently, it is doubtful if the cooling effect of the port can 
py as important a part in the distortion of the flame surface at the 

ase as has so often been attributed to it. 

Other sources of heat, such as the secondary combustion which 
usually surrounds the primary cone of a flame, influence the shape 
of the primary flame surface. First, the flare at the base of the cone 
is slightly decreased and, in effect, drawn closer to the rim of the port; 
and, secondly, the heat transmitted to the unburned mixture is in- 


2 With the repay er of laminar flow, which has been justified, there has also been made a second assump- 


tion which has not n justified; i. e., that the parabolic distribution of velocity which exists within the 
tube persists during and after emergence from the port, at least until the tip of the cone is reached. Direct 
experimental evidence on this point is lacking. From purely theoretical considerations one must conclude 
that some modification will occur which would take the form of a decrease in the velocity of flow at 
the center of the stream and in an increase at the surface. Whether the change is great enough to be 
significant in the short s involved is not known. 

4 See discussion of gradient layer on p. 38. 
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creased, causing an increase in the flame velocity, which, in turn, 
results in a decrease in the size of this cone of mixture. The effect 
depends, of course, upon the composition of the primary mixture, 
being large when the proportion of primary air is low, and negligibly 
small when the proportion of air approaches or exceeds the theoretical 
ratio. 

An attempt has been made in figure 13 to illustrate some of the 
possible effects of several factors considered separately on the ulti- 
mate shape of the surface of a flame. I represents a port P, through 
which a combustible mixture is flowing vertically upward. 

Let S, be the velocity of propagation of the flame surface relative 
to the mixture, or its speed of transformation by the flame, at any 
point. Let S,, be the velocity of the combustible mixture at any 
point. Let Sy be the mean velocity of the combustible mixture, and 
a the angle between flame surface and axis. It will be shown shortly 
that Sy; may now be defined by the equation S;=S,y sin a (when a 
is measured at the point on the radius where Sy is found, namely, 
0.7 the distance from center to rim of the port). The velocity of 
flow, S,, is for the moment considered to be uniform across the sec- 
tion of the port and equally numerically to the mean velocity of flow 
in a tube passing gas at the same rate. This is represented sym- 
bolically by Sy. The composition and mean velocity of the mixture 
are so chosen that S,—4S,, where Sy is the rate at which flame is 
propagated relative to the mixture. 

If the combustible mixture be ignited at any point, i, the flame will 
travel with equal velocity in all directions in the mixture, its surface, 
therefore, being spherical. 

In II, the direction of travel of the flame is indicated as radial by 
the vectors S, and S,, which are equal, and whose length indicates 
the velocity of travel of the flame. During the time required for the 
flame to travel from i to the center of the stream, the mixture has 
moved upward from i to i’, so that the flame front arrives at b’ just 
as if it had started from 1’ in a stationary mixture. However, in 
traveling, the spherical flame front, simultaneously rising vertically 
and expanding radially, describes the bounding line ib. The direction 
of advance of the elements of flame front which together constitute 
the line ib is, of course, radial in any sphere. The radius of a circle 
which passes through the point at which a line is tangent to the circle 
must be perpendicular to the tangent line. Therefore, the flame front 
must advance in a direction normal to itself. (See Huyghens’ princi- 
ple of the propagation of light). With the flame advancing in a diree- 
tion normal to itself, it is now evident that S;, the vector forming a 
part of the radius i’b, divided by the vector Sy is equal to sin a, the 
angle between surface and axis of the conical flame front. The re- 
lationship S;=Sy sin a is thus derived directly from the direction of 
propagation of the flame front, and serves to define Sy in terms of Sy 
and a, which have been defined above. 

Thus far, we have made three arbitrary assumptions, i. e., Sy—=4Sr, 
Sm is constant and equal to Sy, and S, is constant and equal to Sr. 
The second of these, if true, would greatly simplify the determination 
of flame velocity since one need only adjust Sy, to make sin a equal 1, 
in which case the advancing spherical element would describe the 
bounding line ic, forming a plane surface at the mouth of the port; 
a=90°, and S;= Su. 
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Actually, within the burner tube, S, is distributed parabolically 
over the section of the port as indicated in III. This having been 
determined by experiment, the following facts may be derived theo- 
retically as well as experimentally. (1) S, max=2Sy; and (2) Sy 
occurs at 0.7 r from the axis. Assuming that the parabolic distribu- 
tion of velocity remains unchanged for at least 4 diameters beyond the 
port, III has been constructed to conform to these conditions; and the 
conical surface derived in II, and shown dotted in III, has been 
modified accordingly. In moving from the port rim to the axis, 
the flame simultaneously rises less near the rim, the same distance as 
before at 0.7 r, and twice as far at the center. The resulting flame 
surface is indicated by the solid line, ib, S, still being assumed con- 
stant and equal to Sy. 

Obviously the shape delineated in ITI does not correspond to that of 
an actual flame. For one thing, no flame has a perfectly sharp point, 
but is rounded off somewhat as indicated by the solid linein IV. Re- 
gardless of the factors which may be operating to produce the effect, 
it is apparent that at the center the surface must be horizontal. 
Here a equals 90° and consequently S,=S,; or, the direction of 
advance of the flame front being normal to its surface must be verti- 
cally downward in the same line as the velocity of the mixture, and, 
since the surface moves neither upward nor downward, S; must equal 
S,,. In either case one arrives at the same result. S, at the center 
must equal S,, max, which is equal to 2S. But Sy, in turn, has been 
assumed from the beginning to equal 4S;. Therefore, S, at the tip 
is 8 times Sy; and the third of our original arbitary assumptions (that 
S, is constant and equal to S;) has been shown to be invalid as far 
as the tip of the flame is concerned. The first still holds, for IV was 
so drawn that the direction of advance of S; in IV is the same as that 
in II. Therefore, Sy still equals 4S,. 

While the solid line delineating the flame surface in IV corresponds 
approximately to the outline of an actual flame over most of its 
length, it fails to do so at the base where the flame approaches nearest 
the rim of the port. The base of an actual flame has a larger diam- 
eter than the port and locates itself at a measurable distance above 
it, as is indicated in a somewhat exaggerated manner in V. For 
purposes of discussion we may assume that in the exceedingly thin 
flame front there is some definite temperature which is the same over 
the entire surface of the flame. The port is maintained at a tempera- 
ture of 50°C by continuously replacing the water in the jacket surround- 
ing the burner by fresh water at 50°. It seems reasonable to suppose 
that the flame would actually touch the port if the port were at the 
flame temperature, and conversely, that the flame does not approach 
nearer the port than it does because the distance separating them is 
required in which to raise the gas mixture from the temperature of 
the port to the temperature of the flame front. 

That portion of the combustible mixture in contact with the rim 
of the port has an upward velocity which is substantially zero. That 
near the wall has only a slightly greater velocity. When this mixture 
rises above the level of the port rim into the vicinity of the flame front 
it receives heat by conduction and radiation as does the port. It 
expands by an amount corresponding to its rise in temperature, and 
having only a slight vertical motion its expansion may be so great in 
comparison that the resulting direction of its motion may be as much 
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outward as upward, as indicated by the small arrows at the left rim 
in V. In addition to this lateral expansion, it has been supposed 
that by the time the primary mixture at the rim of the port has 
reached the short distance from the rim at which the flame can per- 
sist, some interdiffusion of the primary mixture with the outside air 
will have taken place.” 

Since the shape of the flame surface is a resultant of the velocity 
and direction of the mixture and the flame propagation, among other 
factors, this view of the situation at the port rim can readily account 
for the outward flare of the flame surface at this point, and conse- 
quently for the overhang of the flame relative to the port. 

The magnitude of S,, is here largely determined by thermal expan- 
sion, and the space between flame and port may be considered to 
represent the distance ahead of the flame surface at which the source 
of heat at the temperature of the flame is able to maintain a tempera- 
ture of 50° C by whatever means against the motion of the oncoming 
mixture. The flame does not dip down inside the rim of the port. 
The velocity of the mixture becomes greater as the center is 
approached. The temperature of the mixture is maintained at 50° 
C by being continuously replaced by fresh mixture at 50° C ata 
rate which is greater than that at which the flame is able to advance, 
even near the rim of the port, and at a still faster rate as the center is 
approached. For these reasons, regardless of which mechanism of 
propagation may be assumed to operate, it seems probable that there 
may be a thin gradient layer, less than 1 mm thick, underlying the 
entire flame surface, in which the temperature rises rapidly from that 
of the mixture near the center to that of the flame front, and the 
thickness of which may be inferred from the distance of approach of 
the flame to the port. 

This conclusion is supported by such evidence as the sharpness of 
the outline of the surface of an advancing spherical flame front of 
CO—O, exploding in a bubble photographed by transmitted light [13]. 
Both the bubble and the flame are evidenced by the change in the 
optical properties of the material through which the light passes. In 
the case of the flame, this is caused by the difference between the 
temperature of the unburned gases ahead of the reaction zone and the’ 
much higher temperature,of the gases constituting the reaction zone. 

If this change had been gradual, a proportionately slow change in 
the optical properties and a correspondingly diffuse image would 
have resulted. Actually, the image of the flame front is surprisingly 
sharp, which indicated a correspondingly steep temperature gradient. 
Furthermore a thermocouple, introduced from below into the center 
of the volume outlined by the mixture, and moved laterally toward 
the flame surface, shows only a gradual rise in temperature until it 
is practically in contact with the flame, when it rises very rapidly. 
“4 Ubbelohde and Koelliker [4], in explaining why the flame lifts off the port under certain conditions, 
assume that outside or secondary air diffuses or flows inward under the lower rim of the flame and by 
increasing the proportion of air in the combustible mixture at this point may, in lean mixtures, cause the 
flame velocity to be lewered even to zero, thus allowing the flame to leave the port. 

Some experiments in which fine carbon particles (soot) were introduced into the air around the burner 
throw light on the validity of thisexplanation. When the particles of soot entered the primary air openings 
of an ordinary bunsen burner they became incandescent on yy through the inner cone of the flame 
and indicated clearly the direction of flow of the gases in which they were suspended. When the jacketed 
burner shown in figure 2 was supplied with primary air from the laboratory air line no incandescent parti- 
cles were observed, showing that air surrounding the burner does not flow in under the base of the flame 
at the port. Any explanation of phenomena associated with the base of the flame must, therefore, be 


explained on some basis other than by the accession of secondary air into the combustible mixture by any 
process other than diffusion. 
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Such a gradient layer, greatly exaggerated in thickness, is indicated 
in V by the dotted line underlying the flame surface. There is at 
hand insufficient evidence to decide whether or not the gradient layer 
changes in thickness toward the tip, but it is evident that when the 
opposite sides of its inner surface come together, so that the two layers 
mutually affect each other, the rapid acceleration of the flame move- 
ment and the rounding off of the tip of the flame surface are inevitable. 

As has been mentioned above on page 35, a rise in temperature may 
be expected to result in a corresponding expansion of the unburned 
mixture. It follows from what has just passed that most of the 
lateral motion imparted to the mixture will be imposed in this thin 
gradient layer, and consequently will affect the position of the mean 
velocity diameter only slightly, even though the mixture may be 
traveling in a direction normal to the flame surface as it passes 
through it. That the mixture probably does pass through the flame 
in approximately this direction is indicated by the direction of the 
emergence of fine carbon particles introduced as soot into the air 
around a bunsen burner. The arrow marked S,, passing through the 
gradient layer in V, indicates the probable direction of flow of the 
mixture as it approaches the flame surface. 

On account of the sharp changes in the optical properties of the 
gases, as shown by spark phetographs of flame fronts, as well as the 
other evidence for the presence of a thin gradient layer, it does not 
seem possible, on the basis of an increase in the temperature of the 
combustible mixture, to account for as great an increase in the flame 
velocity at the tip of the flame as the derivation given in figure 13 
indicates. Neither does it seem possible on this basis to account for 
appreciable increases in the flame velocity extending downward much 
below the tip of the flame. 

The unreasonably large increase in flame velocity at the tip and the 
relatively large disparity in shape between the solid and dotted out- 
lines of the flame surface in IV of figure 13 may be accounted for if the 
parabolic distribution of velocity does not persist unchanged beyond 
the port, as was assumed. 

It is certainly true that after emerging from the port the moving 
stream is surrounded by a stationary mass of air which exerts a fric- 
tional retarding effect just as the metal walls of the tube do. The 
surrounding air, however, is not rigid and cannot maintain itself 
stationary against the tendency of the moving stream to set it in 
motion. Laminas of surrounding air can only be set in motion by the 
forward drag of laminas of the moving gas stream next inside them. 
These laminas, in turn, have a higher velocity than they had when 
in contact with the rigid walls of the burner tube. 

The energy required to set in motion laminas of surrounding air 
must come from the kinetic energy of the moving stream, with a con- 
sequent decrease in its velocity as a whole, since no further pressure 
gradient exists after the stream emerges from the port. Superposed 
upon this effect, the laminas near the center of the moving stream 
have their velocities reduced to correspond to the increased velocity of 
those at the surface, as a result of the lack of a rigid stationary 
retarding effect. This redistribution of velocities is such as to main- 
tain the momentum of the stream as a whole at the rate of decrease 
occasioned by the loss of energy just mentioned. 

‘The magnitude of these combined effects may be expected to v 
with different gases. The solid outline in IV of figure 13 would result 
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if S, max had a value more nearly 1.1 Sy than 2.0 Sy. This would 
lead to a value of S, at the tip of 4.5 Sy instead of 8 Sy. It would also 
permit the supposition that S, remained substantially equal to S, 
until the overlapping of the gradient zones at the tip occurred. A 
fourfold increase at this point still seems high but not entirely unrea- 
sonable. 

Some experimental work has been done by various people and 
several postulates have been offered concerning mechanisms of propa- 
gation of flame and the transfer of energy by radiation, by activated 
particles, etc. [14], which have a bearing for the most part on the 
character of the flame front and gradient lager but which would affect 
in no significant way the derivation of the shape of the flame surface 
just presented. Their discussion is beyond the scope of this paper. 

A local value of S, at the tip, which is actually several times as 
great as S;, must be the result of changes in the physical or chemical 
condition of the gas mixture. Without attempting in this paper to 
estimate the relative importance of such real or imaginary effects as 
those mentioned above, it is certain that if they occur at all their effects 
must be more pronounced near the tip and result in an inward bending 
of the flame surface. 

The experimental fact that the shape of one part of the flame surface 
is modified by proximity to the burner, and that of another part by 
proximity to other parts of the flame, would lead us to expect what we 
find—that the most consistent results for flame velocity should be 
obtainable when using large burners rather than small ones, and when 
measurements are made on the flame surface at some distance from 
either base or tip rather than when the entire surface is used. 


VII. SUMMARY AND CONCLUSIONS. 


A description has been given of the equipment and procedure used 
by the authors to determine the velocity of propagation of flame in 
mixtures with air of carbon monoxide, hydrogen, acetylene, methane, 
ethylene, and propane. A modification of the general “burner 
method’ was chosen after a review of the methods employed by 
other workers, and because the results obtained were to be applied 
to the study of burners. The angle a between the axis and the tangent 
to the flame surface was measured at a point 0.7r from the axis, 
where the actual velocity of the stream of gas equals the mean 
velocity. The mean velocity of the mixture, Sy, was determined by 
dividing the measured volume rate of flow of the mixture by the 
area of the burner port. The flame velocity S; was then computed 
from the relationship Sy=Sy sin a. 

Attention is called to the fact that ‘flame velocity” like “flame 
temperature”’, etc., is not a characteristic of a gas itself, but a property 
of the system as a whole, including the apparatus; and the identity 
of the gas can be considered as only one of several factors which, 
taken together, determine the numerical values in a given case. Also, 
such data must be used with the knowledge that the numerical values 
may or may not be applicable to any particular case in question. 

Data are presented in the form of curves, with the compositions of 
the mixtures plotted in terms of the air required to combine with the 
gas, to place the different fuels on as nearly the same basis as possible 
for comparison. It is concluded, however, that the only points on 
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the curves of two or more fuel gases which even approach suitability 
for a direct comparison are the maxima. 

An attempt has been made to isolate and determine the effect, on 
the numerical result, of the velocity of flow of the combustible mix- 
ture, the diameter of the burner port, the method of measuring the 
photographs (angle between surface and axis, versus total area of 
flame surface), the overhanging base of the flame, and the assumed 
location of the mean velocity in the stream of combustible gas mixture. 
The assumption has been made that in any combustible mixture of 
gases of given composition, temperature, pressure, and environment, 
there is a definite fixed value for the velocity of propagation of flame 
relative to the mixture, which may be elicited by a proper choice of 
apparatus, methods of measurement and of computation; and that 
different values are obtained by different means because of effects 
imposed upon the numerical result by the methods of measurement 
and computation, or by the apparatus; and not because of differences 
in the flame velocity itself. 

It was determined that the numerical result obtained by the 
method described was independent of the velocity of flow of the gas 
mixture within the precision of the measurements, the average devia- 
tion of the individual determinations from the mean being about 
2 percent. 

The base of the flame surface was found to be somewhat larger in 
diameter than the port and suspended a short distance above it. 
This “overhang” was found to be nearly the same for large as for 
small ports, and consequently was a larger fraction of the radius of 
the latter, amounting to more than 30 percent of the port radius in 
the case of the two smaller burners. This was sufficient to lower the 
numerical results considerably as compared with those obtained with 
larger burners, when the results were computed from measurements 
of the surface area of the flames. The larger ports produce flame 
surfaces with relatively sharp tips and sides which are concave out- 
ward near the base. With smaller ports the flame tends to become 
thimble-shaped, with the tip broadened into a dome. Similar 
changes in the shape of the flame surface occur with the same port as 
the proportion of air in the mixture is reduced. The relationship of 
overhang to the proportion of air in the gas mixture and to the 
identity of the combustible gas is also shown. 

It is concluded that when the burner method is used, the shape of 
the flame surface must not depart markedly from that of a geometrical 
cone, if computations based on the actual area of the flame surface 
are expected to yield substantially the same results as those based on 
measurements of the angle between the flame surface and its axis, 
and only then can either result be considered to be approximately 
correct. To approximate sufficiently to a geometrical cone the flame 
must result from a mixture in laminar flow, in which the flame velocity 
is near its maximum, and when the burner ports are not much smaller 
than 4 mm in diameter. Under other conditions both methods of 
measurement yield results which depend on the size of the burner, 
especially when using mixtures containing much less than the theo- 
retical proportion of air or burners smaller than 4 mm in diameter. 
However, the angle is affected much less than the area by the relative 
changes in overhang and shape of the flame which accompany changes 
in the size of the port. 
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The fact that the angle between the sifrface and axis of the flame is 
independent of the diameter of the burner tube when the angle is 
measured at a point 0.707 r from the axis, and varies in opposite direc- 
tions when measured at 0.6 r and 0.8 7, (in the cases of the lean and 
maximum-speed mixtures when using the three larger burners) indi- 
cates that the angle is independent of the size of the burner only within 
a limited range of variation of this factor, and that the value of the 
factor which yields a constant value of the angle lies much closer to 
0.7 than to either 0.6 or 0.8. 

These and other facts lead to the conclusion that, even with ports 
larger than 4 mm and with mixtures in nearly theoretical proportions, 
there is a very limited portion of the flame surface which has been 
affected little or not at all (in slope) by the factors which cause the 
distortion at the base and at the tip. 

Within these limitations it seems probable that the expression 
S7,=Sy sin a is capable of yielding numerical results which are inde- 
pendent of the diameter of the port. 

An attempt has been made to derive the shape of the flame surface 
by the application consecutively of a series of facts and of assumptions 
based on facts. The derivation leads to the conclusion that a local 
value of the flame velocity at the tip, which is several times the average 
as determined, may exist as the result of changes in the physical or 
chemical condition of the mixture. Hence, the tip of the cone is 
rounded off. It is demonstrated, by an application of Huyghens’ 
principle, that the flame front advances in a direction normal to its 
surface. 

Since the temperature of the mixture is maintained inside the cone 
of flame by the mixture being continuously replaced at a rate greater 
than that at which the flame can advance, it seems probable that 
most of the temperature rise and most of the lateral motion produced 
by expansion may take place within a thin gradient layer underlying 
the entire flame surface, and that the thickness of the layer may be 
inferred from the distance of approach of the flame to the port. It 
is not clear how the port can exert any cooling effect upon the flame 
surface that would not also be exerted by the mixture itself at some 
distance above the port rim. Consequently, it is doubtful if the 
cooling effect of the port can play as important a part in the distortion 
of the flame surface at the base as has been attributed to it. This 
distortion may be more reasonably accounted for by the effect of heat 
from the flame upon the direction and magnitude of the motion of the 
gas mixture at the rim of the port. 

The rounding off of the flame surface well below the tip is probably 
not the result of a progressive increase in flame velocity caused by an 
increase in the temperature of the mixture, but is more likely caused 
by a redistribution of velocities in the stream of mixture after leaving 
the burner tube. 

Finally, it is concluded that while the range of operations within 
which the burner method is capable of giving reliable results is 
restricted considerably by the effect of several experimental variables 
on the shape of the flame surface, yet it appears to be as simple and 
useful as any of the methods available at present. However, a 
knowledge of its limitations is essential if erroneous conclusions from 
results obtained with it are to be avoided. 
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INTENSITY DISTRIBUTION IN THE LINE EMISSION 
SPECTRUM OF CESIUM 


By Fred L. Mohler 


ABSTRACT 


The intensity in a series of lines is J,=hvN,An, where N, is the number of 
atoms per cubic centimeter in the nth state, and A, is the rate of radiation per 
atom. A, is proportional to n-* for large values of n, while for a limited range of 
conditions N, is known to have a temperature distribution. 

Line intensities were measured by direct comparison with spectra of a strip 
lamp. Plots of log J/»* versus log n give parallel curves for the S, D, and F 
series, and the form of the curve is nearly independent of current and pressure for 
pressures above 70 4. Measurements of the D series corrected for self-absorption 
give plots of log Jn* versus term energy, which are straight lines with slopes 
consistent with measured values of reversal temperature for the P series. Meas- 
urements of intensity of two D series lines over a wide range of conditions show 
that the intensities are proportional to the continuous spectrum intensity at the 
higher pressures. 

For pressures above 70 yw the excited states have a temperature distribution 
6.4X10° An 

nm 5635 
about twice the theoretical hydrogen values. The values for the F series are also 
about twice the hydrogen values, while for the S series they are 16 times the 
hydrogen values. 

There is evidently an equilibrium between the number of ions and the number 
of excited atoms at high pressure, and in the same range of discharge conditions 
the temperature distribution of excited states is found. 


from n=4 to 14. For the D series A,= The values of A/v*® are 


CONTENTS 
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II. Experimental results 
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2. Intensity of the D series for a columnar discharge 
3. Intensity variation with current and pressure 

III. Discussion 

1. Population of excited states 
2. Transition probabilities 
3. Line spectra and continuous spectra 


I. INTRODUCTION 


This is one of a series of papers! on the electrical discharge in 
cesium vapor. Published papers include data on the intensity varia- 
tion of the first doublet of the principal series, on the intensity of the 
continuous recombination spectrum, and on the number of excited 
atoms in the states 6? P to 11? P. 


1 F. L. Mohler, Power input and dissipation in the positive column of a caesium discharge, BS J. Research 9, 
35 (1932) RP455; Collisions of the first and second kind in the positive column of a caesium discharge, BS J, 
Research 9, 93 (1932) RP485; Recombination radiation in the cesium positive column, BS J. Research 10, 
771 (1933) RP565; Reversal temperature and population of excited states in the cesium discharge, J. Research 
NBS 16, 227 (1936) R P3869. 45 
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This is a study of the intensity distribution in the subordinate and 
fundamental series. There are numerous papers on intensity dis- 
tribution in line emission spectra but, in general, there are unknown 
factors involved which preclude a direct comparison of experiment 
and theory. Spectrophotometric studies? of flames and carbon 
arcs containing alkali salts have, however, given some information 
on transition probabilities in the alkali spectra. 

The number of quanta emitted per cubic centimeter per second in a 
transition nlj to n’l’7’ is 


J /hyv= Nu; — (1) 


where J is the radiation in ergs, N is the number of atoms per cubic 
centimeter in the initial state, and A, is the transition probability or 
rate of radiation per atom. "Two extreme cases are of interest. If 
the pressure and current are so low that every atom radiates before 
it interacts with other atoms or electrons N is proportional to 1/A, 
and J is a measure of the rate of production of excited states. In the 
other extreme, where interactions are frequent in comparison to 
1/A,, there will be a random distribution of population between the 
different states N,.,, and the population will cease to depend on A,,. 
This random distribution is probably established at pressures above 
a few microns. 
For the case of thermal equilibrium at a temperature 7’, 


2;+1 
ae “29 a 1° cw, (2) 


where JN, is the number of atoms in the normal state, EL, the energy 
of the excited state, and 2j+1 and 27,+1 the weights of the two 
states. In another paper,’ it is shown that for a limited range of con- 
ditions the principal series lines have aenearly constant reversal 
temperature beyond the third line. If the reversal temperature is 
constant N,,, of equation 1 can be expressed by equation 2 with T 
equal to the reversal temperature. 

Equation 1 is only applicable where self-absorption is negligible. 
For this reason it is not feasible to measure J for the principal series 
and it is necessary to use the subordinate and fundamental series. 
For these series there are no theoretical values for the transition 
probabilities. A, is, in general, a complicated function of the 
quantum numbers, but for large values of n it becomes proportional 
to 1/n*. In this work the effective quantum number (the square 
root of the Rydberg denominator) will be used for n. This has the 
advantage that terms of equal n values have equal energies. Further- 
more, it is probable that in a comparison of transition probabilities 
with hydrogen the effective quantum number and not the total quan- 
tum number should be used. For the first terms of the cesium series 
the numbers are approximately 1.87 for 6S; 2.36 and 2.33 for 6P; 
2.54 for 5D and 3.97 for 4F. 


2 Ornstein and Key, Physica 1, 945 (1934); Van der Held and Heierman, Physica 3, 31 (1936). 
3 See footnote 1. 
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II. EXPERIMENTAL RESULTS 
1. RELATIVE INTENSITIES IN THE S, D, AND F SERIES 


Before the systematic study of the columnar discharge was started, 
the author made a series of measurements of intensity of nearly all of 
the emission lines in the visible region, using a discharge between a 
hot-wire cathode and a surrounding cylindrical anode. The discharge 
was viewed parallel to the axis of the cylinder along a line about a 
centimeter from the cathode. The spectrum was photographed with 
a 3-prism Steinheil spectrograph. The spectrum of a calibrated strip 
lamp was superposed on that of the discharge and intensities meas- 
ured by photographic densitometry between nearly equal densities. 
The line intensity for equal densities is equal to J(\) 6A, where J(d) 
is given by Wien’s law and 6 ) is the slit width expressed in wave- 
length units. 

At relatively high pressures there was no perceptible change in 
intensity distribution with change of current and pressure. Three 
sets of measurements with a current of about 0.5 ampere and pres- 
sures of 130, 290, and 500 microns of mercury gave intensities for 
32 lines, which remained quite accurately proportional, and two 
arbitrary constants reduced the three sets of values to equality 
within experimental uncertainty. The mean values are plotted in 
figure 1. The logarithmic scale is used for convenience. J/ * is 
proportional to the matrix element, squared, times the population of 
the upper state. The abscissa is the log of the effective quantum 
number. The curves plotted are the red components of the F series, 
both components of the D series, and the red components of the 
Sseries. There is some self-absorption of the stronger lines, and the 
form of the curves is slightly distorted from this effect. 


2. INTENSITY OF THE D SERIES FOR A COLUMNAR DISCHARGE 


For a comparison with other experiments on the cesium discharge, 
intensity measurements have been repeated, using a columnar dis- 
charge in a tube 1.8 cm in diameter. The discharge was viewed 
diametrically across the tube. The intensity measurements were 
based on a series of exposures to a strip lamp on each plate. Self- 
absorption was measured by means of a discharge tube with two 
anodes in parallel arms. ‘The line of sight passed diametrically 
through the two arms. An exposure with both discharges running 
was compared with a double exposure to the two discharges sep- 
arately. Except for a small difference due to reciprocity failure of 
the photographic plate, the higher series lines are equally dense in 
the two cases, while the strongest lines are weaker on the exposure 
with both discharges running. The correction to be applied to a 
single discharge tube is taken to be half the measured difference 
between two tubes running simultaneously and separately. Table 1 
gives corrections for a few cases. The values for 5635 A are based on 


another experiment sighting across a tube and along the axis of a 
tube 19 cm long. 


73059—36——4 
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TABLE 1.—Correction to be added to log J for self-absorption 





150 w, 2amp | 150y4,0.5amp/) 33 uw, 2 amp 
ie io acca ents cilia menial wshallalaadtindd 0. 105 0. 071 0. 08 
6P;/2-9D 5664 A * . 040 - 018 - 018 
Np Weee WIPE i ee teas - 013 - 006 - 006 
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Figure 1.—Intensity distribution in the 8, D, and F series for a high-pressure 
discharge. 


The red components of the F and S series, and both components of the D series, are plotted. J/»* is 
in arbitrary units, and v is effective quantum number. 


There is an appreciable background of continuous spectrum near 
the limit, and correction has been applied to the last three lines for 
this. 

Most of the measurements have been limited to seven lines of the 
diffuse series. Table 2 lists the lines and the values of log J and 
corrections for a typical series of measurements. The first two lines 
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are violet components of the series, and 0.30 has been added to log J 
to give the value of the red component. 


TABLE 2.— Measurements and computations for a 1-ampere discharge at a pressure 
of 150 p 





Wave Meas- y - Log J 'E. 


ured : 8 Electron 
length log J 6P32—nD volt 


Transition 





6P1/2-7D 


6P3/2-11D .— 
6P3/2-13D_— 
6P3/2-15D_- 
6P3/2-16D 
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1 £, is the negative energy of the initial state measured from the ionization potential. 














Figure 2.—Values of log Jn for the D series for various currents at a pressure of 
150 yp. 


E, is the negative energy of the upper state in electron volts. Broken lines are computed from the reversal 
temperatures of the P series. 


It follows from considerations given in the introduction that in each 
series Jn* is proportional to the population of the states, and, if the 
distribution of excited states approximates a thermal distribution, a 
natural choice of coordinates is log Jn* versus the energy of the state. 
Figure 2 shows the results for four different currents at a pressure of 
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150 microns of mercury. Figure 3 shows results at a number of 
pressures for a 2-ampere discharge. In Figure 2 there are included. 
as broken lines, the values log N, computed from the observed 
reversal temperatures of the higher principal series lines.* A single 
i is added to fit the three broken lines to the scale 
of log Jn’. 














Ficure 3.—Values of log Jn? for the D series at various pressures for a 2-ampere 
discharge. 


Absolute values of the intensity, in ergs per cubic centimeter, are 
known with less precision than the relative values. Excited atoms 
are not uniformly distributed across the diameter of the tube, and it 
is assumed that the number across the diameter is equivalent to the 
riumber in 1.26 cm along the axis; that is, the radiation from a square 
centimeter comes from 1.26 cm.’ The plotted and tabulated values 
are on an arbitrary scale and 4.26 must be subtracted to obtain values 
of log J in terms of ergs per cubic centimeter per second. 


3. INTENSITY VARIATION WITH CURRENT AND PRESSURE 


Measurements of the intensity of two superposed diffuse series 
lines were made over a very wide range of current and pressure. A 
columnar discharge through a tube about 20 cm long was viewed 
end on by a low-dispersion spectroscope and intensity measured by 


4 See footnote 1. 
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visual matching of the image of a strip lamp superposed on the image 
of the discharge. The settings were made on the unresolved lines 
6P1/2-10D at 5466 A and 6P3,.-11D at 5503 A. The very low disper- 
sion permitted measurements at low intensity. Figure 4 gives 
results * plotted in terms of log J, in arbitrary units, versus the log 
of the pressure, in microns, for currents ranging from 4 to 0.3 ampere. 
At higher pressures the intensity of the continuous spectrum beyond 
the 6P lmut is proportional to the line intensity. Broken lines show 
values of log J for the continuous spectrum at lower pressures. A 
constant has been added to log J for the continuous spectrum to 
make it coincide with the line-intensity values. Other lines of the 
diffuse series change in the same general way with pressure. For 
lines of higher quantum number the intensity begins to rise with 
pressure at a lower pressure. The fundamental series is very faint 
at low pressure. 














L2 
Log P 


Figure 4.—Log J for diffuse series lines 5466 A and 6508 A versus log of the 
pressure in microns. 


Broken lines give the relative intensity of the continuous spectrum below the range where it is propor- 
tional to the line spectrum. 


III. DISCUSSION 
1. POPULATION OF EXCITED STATES 


The purpose of this study was to obtain information concerning 
both transition probabilities and the population of excited states, 
but the reasoning is complicated by the limitations of experimental 
and theoretical data. An inspection of theoretical hydrogen values ° 
of transition probabilities, matrix elements squared, etc., indicates 
that A,hyn® remains constant even for small values of n, and it is 
assumed that it is constant for the diffuse series of cesium from 6P-7D 


‘F. L. Mohler, BS J. Research 10, 776 (1931) RP565, gives the same data plotted as a function of the 
electron concentration. 
* Bethe, Handbuchder Physik 24,442. 
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to the limit. From equations 1 and 2 and this relation, it follows 
that 


Ins =k! Net, (3) 


where k’ is the constant value of Ahvn’*, and g’s are the weights of the 
states. For the intensity of both components of the diffuse doublets, 


log Jn?=log 5k’ +log N,—5.04X10* E,/T, (4) 


where £, is the energy of the nth state in electron volts. T' is the 
reversal temperature of the nth line, and, if it is constant, the plot of 
log Jn’ versus EF will give a straight line with a slope proportional 
to 1/7. Figure 2 shows a satisfactory agreement between the straight 
lines derived from intensity measurements anc the lines based on 
direct measurement of the reversal temperature. The approximate 
agreement shows that the value of 7 remains nearly constant through- 
out the series. Because the exponent in equation 3 is very large, a 
1 percent change in 7 within the series gives a 10 percent change in 
the slope. Conversely, one cannot use the slope of the curve to derive 
an accurate value of 7’ without independent evidence that 7 is con- 
stant. Figure 3 indicates that at the lowest pressure, 7’ is not 
constant but decreases somewhat with increasing n. 

Table 3 includes the values of 7 observed for the P series and the 
approximate values derived from the slopes of the lines of figures 2 
and 3. If one value of reversal temperature is assumed correct fairly 


TABLE 3.—Reversal temperatures as measured for the P series and computed from 
figures 2 and 3 





Measured 
Pressure | Current reversal 
temperature 


T, from T, from 
slope intensity 
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accurate values of the relative temperatures can be computed from 
the difference in log Jn’ at one wave length. From equation 4, 





5.04 10° Ex 7-7 08 J,n'—log Jan*+log Na.—log Nay, 
T, qT, 


where subscripts 1 and 2 refer to two conditions of current and pres- 
sure. Table 3 gives, in the last column, values of 7’ based on the 
intensity of 5635 A and on T=1,938° K at 0.5 ampere and 150 u. 
This is probably the best of the three values of 7, while the value 
derived from the slope is the least accurate. The large discrepancy 
for the two values given for a 2-ampere discharge, at 33 yu, indicates 
that 7 decreases with n at this pressure, and it is obvious from figure 
3 that it does this at 16 uy. 
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The fact that the curves for the S and F series in figure 1 are parallel 
to the D series, indicates that all the series S, P, D, and F have the 
same reversal temperature for values of n above 5. For equal values 
of n the populations are assumed to be in the ratio 1:3:5:7. Numer- 
ical values are given by equation 2 with values of 7 from table 3. 
N, approaches a constant value as n becomes large. This limiting 
value for S terms ranges from 2.210° at 0.5 ampere to 1.610" at 
4 amperes for 150 yu, and it does not change much with pressure. 


2. TRANSITION PROBABILITIES 


The absolute value of A, can be computed from the values of J 
and N,. The J value taken as standard for the last column of table 
3, viz, the intensity of 5635 A at 0.5 ampere and 150 yu will be used. 
The numerical value of log J is 1.17, in ergs per cubic centimeter. 
For comparison with hydrogen the intensity of the complete doublet 
is convenient and log J=1.35. Log N, for the two D states of 
weight 5, at 1,938° K, is 6.63. 


A,=d/(hv.N,)=1.5X 10° per sec for n=7.52 
For the D series from n=4.52 to higher numbers, 


6.4X108 vr, 
A.=5 5635" 

The value for 5635 A for which n=7.52 can be compared with the 
hydrogen value for the transition 8, to 2, at 3889 A. As A, is pro- 
portional to v* the cesium value should be multiplied by (5635/3889 )* = 
3.02 for the comparison. The hydrogen value’ is 2.110° and the 
cesium value reduced to the same wave length is 4.5 10°. 

In figure 1 the vertical distance between curves gives the log of the 
ratio of J/v* at equal values of n or between terms of equal energy. 
The ratio for the red components of the F and D series is 5, and the 
complete doublets will be in the ratio 5.6:1. The populations at 
equal n values are in the ratio of 7:5, and the ratio of A/v’ is 5 5.6/7= 
4.0. The hydrogen ratio of A/v* for the transitions 8; to 3, and 8, to 
2; is 5.3. 

For the D and S series the ratio of J/v* is 10.5, and as the popula- 
tions are in the ratio 5:1, the values of A/y are in the ratio 2.1:1. 
The hydrogen ratio is 16.7:1. While the transition probabilities in 
the D and F series are of the same magnitude as the theoretical 
hydrogen values, the cesium value for the 5 series is much higher. 

Van der Held and Heierman ° obtained values for transition proba- 
bilities in potassium from measurements of the intensity of emission 
by a flame of known temperature containing potassium at a measured 
concentration. The value for A, for the D doublet 4966 and 4952, 
n=7.75 is 0.3810° as compared with 1.510* found in cesium for 
n=7.52. The value for the 5 doublet 4956 A and 4941 A is 1.01 10°, 
while the corresponding value here is 0.71<10°. The intensity varia- 
tion in the potassium diffuse series is extremely abnormal for small 
values of n. 

Ornstein and Key ® have published relative A values for cesium 
based on measurements of the emission of a carbon arc containing 

' Handbuchder Physik 24, p. 444. 


‘Van der Held and Heierman, Physica 3, 31 (1936). 
* Ornstein and Key, Physica 1, 945 (1934). 
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cesium chloride, and on flame spectra measured by Miss Bleeker.” 
The ratio of the S and D series is about that found here, but the 
variation of A with n is much faster than 1/n*. Miss Bleeker has, 
however, concluded from her measurements that the population of 
D and S states did not have a temperature distribution. Certainly 
the intensity in a series drops more rapidly with increasing n in a 
flame at 2,700° K than it does in the discharge at an effective tem- 
perature of 2,300° K, and the results scarcely disprove the general 
rule that A varies as 1/n* for large values of n. 


3. LINE SPECTRA AND CONTINUOUS SPECTRA 


In figure 4 it is seen that the intensity of diffuse series lines remains 
proportional to the continuous spectrum for higher currents and 
pressures, and from other data it is known that this is also true for the 
5S and F series. With decreasing pressure the line intensity rises 
above the continuous spectrum. This indicates that at high pres- 
sures there is an equilibrium between the number of ionized states 
and the excited states which is maintained by recombination and 
ionization of excited states. At low pressures direct excitation by 
electron impact becomes predominant in maintaining the excita- 
tion. One important factor in this pressure change is known from 
studies of photoionization by line absorption." Radiation from 
excited states is quenched by atomic collision and for states of n 
greater than 4.3 the quenching results in ionization in 15 to 100 per- 
cent of the collisions. At 40 u about 0.9 of the radiation is quenched. 
This increase of the ionization at the expense of the excited states 
will, with increasing pressure, bring the number of excited states into 
equilibrium with the number of ions. It is seen from the experimen- 
tal results that a temperature distribution of the population of excited 
states is found in the range where ionized and excited states are in 
equilibrium and it is evidently not generally true at lower pressures. 

It is shown in this work that the transition probabilities in the D 
and F series have approximately hydrogen values as measured at 
pressures from 70 to 350 uw and in this range the continuous and line 
intensities are proportional. Published measurements of continuous 
intensity combined with measurements of the number of electrons 
per cubic centimeter ? have given values for the collision area q for 
recombination into the 6P state. The results are not consistent with 
the line-transition probabilities. At pressures below 5 y, g has a 
value comparable to the theoretical hydrogen value and consistent 
with the A values found for the cesium lines at high pressure, but the 
recombination measurements gave values of q that increased rapidly 
with pressure to values far in excess of the hydrogen value in the 
pressure range where line-transition probabilities could be measured. 
The author now suspects that electron-concentration measurements 
made by the usual probe methods are systematically too low at high 
pressure and that q is actually a constant. gq is a transition proba- 
bility and the theoretical difficulties in understanding how it could 
change with pressure led to this attempt to evaluate line-transition 
probabilities by a method independent of probe measurements. 


Wasuineton, April 24, 1936. 


10 Bleeker, Z. phys. Chem. 120, 63 (1926). 
it Mohler and Boeckner, BS J. Research 5, 51 (1930) RP 186. 
12 Mohler, Recombination radiation in the cesium positive column, BS J. Research 10, 771 (1933) RP565. 
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SOLUBILITY OF CALCIUM 2-METHYLBUTYRATE IN 
WATER 


By David F. Houston 


ABSTRACT 


This paper presents new data for the solubility of calcium 2-methylbutyrate in 
water from 0 to 100° C. Earlier information concerning the solubility and hydra- 
tion of this salt is compared with the present results. A transition from the 
pentahydrate to the hemihydrate is found to occur at 36.5° C, at which tem- 
perature the solubility reaches a maximum value of 29.90 g of anhydrous salt 
per 100 g of water. The solubility rises to this maximum from 23.05 g of anhy- 
drous salt per 100 g of water at 0° C, and then decreases to a value of 19.80 g of 
anhydrous salt per 100 g of water at 100° C. 


CONTENTS 


I. Introduction 
II. Materials 
III. Solubility 
IV. Hydration 
V. References 


I. INTRODUCTION 


Definite information concerning the solubility and the hydration 
of calcium 2-methylbutyrate was desired in the course of an investi- 
gation at this Bureau of some salts of the fatty acids. A survey of 
the literature disclosed the fact that the existing information was 
confusing and apparently in error, and indicated the desirability of 
a redetermination of these properties. 

In 1887 Sedlitzky [1]' determined the solubilities of the calcium 
salts of 2-methylbutyric, isovaleric, and isobutyric acids. In the 
same year, Krasnicki [2] determined the solubilities of the calcium 
and barium salts of formic, acetic, and propionic acids. The results 
of both investigators give curves which are, in some cases, concave 
to the temperature axis of the temperature-concentration diagram. 
The results of later investigators [3] show solubility curves of fatty- 
acid salts which are all convex to the temperature axis, and these 
authors point out that the data of the earlier investigators are often 
in error. The values obtained by Sedlitzky for the solubility of 
calcium 2-methylbutyrate? in water over the range from 0 to 80° C 
are the only ones available for this salt. The curve expressing these 


data is strongly concave to the temperature axis, and thus appears 

F bie Figures in brackets here and elsewhere in the text relate to the reference numbers given at the end of 
aper. 

Pa. nless otherwise indicated, all references to the acid and its salt in this paper are to the dl- or inactive 
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to be incorrect. A new determination of the solubility over the 
range from 0 to 100° C is presented in this paper. 

According to Milojkovié [4], the salt exists in three different forms 
at different temperatures: a pentahydrate at 0° C, a trihydrate at 
23 to 26° C, and a monohydrate at 85 to 90° C. Other authors [5] 
who have dealt with this salt refer only to the pentahydrate. The 
results of the present investigation serve to remove the existing 
confusion concerning the hydration of the salt. 


II. MATERIALS 


Secondary butyl bromide was prepared [6] from secondary buty] 
alcohol, and fractionated to give a product boiling at 91.3 + 0.1°C 
at 760 mm. From this bromide, 2-methylbutyric acid was formed 
through the Grignard reaction according to the procedure given in 
Organic Syntheses [7]. A fraction boiling at 174 to 177° C at 757 mm 
was collected and treated in aqueous solution with a slight excess of 
calcium carbonate containing 70.005 percent of barium and 20.001 
percent of heavy metals as lead. The solution was refluxed to com- 
plete the reaction and was filtered from residual solids. It was 
extracted with ether to remove any unreacted acid, and the salt was 
fractionally crystallized. Samples of each fraction were dried at 
105° C, and calcium was determined in the anhydrous material by 
treating it in aqueous solution with dilute sulfuric acid, evaporating, 
driving off the excess acid, and igniting the CaSO, formed. 

Ca (theory for anhydrous salt) 16.54 percent. 

Ca (found in fractions dried at 105° C) 16.52, 16.24, 16.46, 16.51, 
16.48, 16.43, 16.43, 16.43, and 16.48 percent. 


III. SOLUBILITY 


The apparatus and procedure for determining the solubility of the 
salt have been described in detail in a previous article [3e]. In brief, 
the apparatus was such that filtering was done in the body of the 
solution, and samples were filtered by pressure rather than by suc- 
tion, to avoid loss of solvent. The solubility at 0° C was determined 
in a bath of melting ice. At all other temperatures the constant- 
temperature bath previously described was used. The weight of 
anhydrous salt in a known weight of saturated solution was deter- 
mined by evaporation of the solution to a residue of constant weight 
at 105° C. The results were calculated to the weight of anhydrous 
salt per 100 g of water. The values obtained by this method are 
in complete agreement on duplicate samples with those gotten by 
determining the amount of calcium as calcium sulfate, and calculating 
from it the quantity of anhydrous salt. 

The results of the solubility determinations are shown in figure 1 
by the solid curve drawn through the experimental points. Each 
point is the average of duplicate determinations. For ready com- 
parison, the data of Sedlitzky are represented by a dotted line in the 
same figure. The solubilities at 10-degree intervals and at the transi- 
tion point, taken from the curve expressing the present results, are 
shown below. 


3 Stanco Distributors, New York, N. Y., kindly supplied a quantity of this alcohol. Their assistance is 
gratefully acknowledged. 
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Temperature, in °C_____-. 0 10 20 30 | 36.5 40 50 60 70 80 90 100 














Grams of anhydrous salt 
per 100 g of water_.....- 23.05 | 23.60 | 24.55 | 27.15 | 29.90 | 29.1 


o 


26.60 | 24.45 | 22.80 | 21.40 | 20.35 | 19.80 























Duplicate samples usually checked within 0.05 g of anhydrous salt 
per 100 g of water, and determinations approaching equilibrium at 
any one temperature from saturation conditions at higher and lower 
temperatures located the desired points within 0.1 g of anhydrous 
salt per 100 g of water. This is considered to be the accuracy herein 
obtained. 
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Figure 1.—Solubility of calcium 2-methylbutyrate in water. 
IV. HYDRATION 


It is evident from the solubility curve that only two forms of the 
salt exist in equilibrium with saturated solutions in the temperature 
range from 0 to 100° C. Moreover, microscopical examination ‘ indi- 
cates that the same crystal form is obtained from solution at 0, 8, 
and 25° C. These data show that there can not be two different 
hydrates in stable equilibrium with saturated solutions at tempera- 
tures between 36.5° ¢ and 0° C. 

Crystals were grown from solution in a desiccator over sulfuric 
acid at room temperature (approx. 25° C), and water of crystalliza- 


‘ Microscopical examination was made by C. P. Saylor. 
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tion was determined on crystals taken from the body of the solution, 
They were dried in one of two ways: (a) by pressing them between 
filter paper, and (b) by centrifugal filtration, using an apparatus [8] 
devised during this investigation. The water of crystallization was 
then determined by heating to constant weight at 105° C. The 
results are in agreement for both methods of drying. 
Calculated for Ca(Cs;H O2)2.5H20 H,O= 27.11 percent 
Calculated for Ca(C;H,O2)2.44H20 H,O= 25.08 percent 
Calculated for Ca(CsH yO2)2.3H20 H,0= 18.23 percent 
Found by method (a) H,0 = 26.77 percent 
Found by method (b) H,0= 26.40 percent 

These values agree with those of previous investigators [5] who 
found the pentahydrate, but offer no confirmation of the trihydrate 
claimed by Milojkovié [4]. The pentahydrate effloresces rapidly when 
left in contact with air of approximately 60 percent relative humidity, 

Investigation of the higher-temperature form was made on crystals 
grown from solution in an oven at 60° C. Water of crystallization was 
determined by the two methods used above on crystals taken from 
the body of the solution. 

Calculated for Ca(C;H,O2)2.H2O H,O=6.92%. 

Calculated for Ca(CsH9Q2)2.1/2 H2O_.. H,O=3.86%. 

Found by method (a)_.......-------- H.0=3.63 %. 

Found by method (b) H,0 =3.28, 3.28, 3.80, and 3.59%. 

The salt is a hemihydrate at this temperature, which is not in 
agreement with previous determinations by Milojkovié at 85 to 90° 
C. The present material forms clear, tabular crystals instead of the 
gelatinous mass obtained by the previous investigator. The hemihy- 
drate effloresces slowly in air of approximately 60 percent relative 
humidity, but is much more stable than the pentahydrate. 

The transition from the pentahydrate to the hemihydrate occurs 
at 36.5° C, at which point the saturated solution contains 29.9 g of 
anhydrous salt per 100 g of water. 
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DETERMINATION OF THE BRINELL NUMBER OF 
METALS 


By Serge N. Petrenko*, Walter Ramberg, and Bruce. Wilson 


ABSTRACT 


The procedure used in making Brinell tests must be closely controlled in order 
that two observers testing a given metal at different locations should obtain 
Brinell numbers that are in close accord. Small variations in testing procedure 
will be inevitable so that it becomes important to know the effect of these varia- 
tions on the magnitude of the Brinell number obtained. The present paper 
considers the effect on the Brinell number of such variations with the help of 
data available in the literature supplemented by new tests wherever the existing 
data seemed deficient. Attention is given to the effect on the Brinell number of 
variations in testing procedure, i. e., rate of applying load, time under nominal 
load, error in load, and error in measuring the diameter of indentation. The 
effect of variables residing in the specimen is discussed next under the separate 
heads of nonuniform properties, curvature of surface, thickness, spacing of 
indentations, and angle between load line and normal to specimen. Variations 
in the type of ball used were considered last, particular attention being paid to 
differences in elastic deformation and in permanent compression of the ball under 
load. The paper concludes with recommendations for a test procedure which 
would lead to greater concordance in the Brinell numbers obtained by different 
observers using a ball of given diameter on a specimen of given metal. 


CONTENTS 


I. Introduction 
1. Purpose of this paper 
2. Description of Brinell test 
(a) Test fixture 
(b) Brinell formula 
II. Test specimens 
III. Causes of discrepancies in the determination of the Brinell number-_- 
1. Apparatus and procedure 
(a) Rate of applying load 
(b) Time under nominal load 
(ec) Error in load 
(d) Error in measuring the diameter of indentation 
2. Specimen 
(a2) Nonuniform properties 
(b) Curvature of surface 
(ec) Thickness 
(d) Spacing of indentations 
(1) From edge 
(2) From adjacent indentations 
(e) Angle between load line and normal to specimen___- 
3. Indenting ball 
(a) Error in diameter 
(b) Nonspherical shape 
(c) Deformation of ball under load 
(1) Elastic deformation 
(2) Permanent deformation 











60 Journal of Research of the National Bureau of Standards — {voi.17 


Page 
IV. Recommendations for Brinell testing. __............-.-.--_-_---- 90 
1; Appeenus and proeeteme..- ee se 91 
ie ns an cs see I ES ta os we Ss oo aes iio 91 
aS ER ee apie 2 2 ape Se gee 7 RD 91 
V. Ap a eae a os a a oa oc che ee et 92 
1. Error in the Brinell number due to curvature of specimen _ - 92 

2. Error in the Brinell number due to error in the computed 
contact area for a given diameter of indentation_________- 94 


I. INTRODUCTION 
_ 1, PURPOSE OF THIS PAPER 


The Brinell test came into common use soon after its introduction 
by the Swedish engineer, J. A. Brinell,' in 1900. An extensive litera- 
ture dealing with the test has grown up, but it has not yet been pos- 
sible to arrive at an understanding of the test that will allow one to 
predict the Brinell number of a given material from its other physical 
properties. The chief value of the Brinell test, just as that of other 
indentation tests, lies in its simplicity, in the fact that it measures a 
combination of properties that has proved to be significant in the 
choice of metals, and that it can be used to check the uniformity of 
a given product by making a few indentations in that product and 
measuring their diameters. 

It follows from the lack of a basic understanding of the Brinell test 
that it can be expected to give concordant results in the hands of 
different operators at different locations only if the test conditions 
are closely controlled and if the effect on the Brinell number of 
small changes in these conditions is understood. It is the purpose 
of this paper to bring together, and in places to supplement, present 
knowledge in regard to the effect on the Brinell number of small 
variations in the several variables entering into its determination. 
It is hoped that this will assist in further developing a standard pro- 
cedure for Brinell testing. A short description of the Brinell test will 
aid in understanding the nature of these variables. 


2. DESCRIPTION OF BRINELL TEST 
(a) TEST FIXTURE 


The apparatus necessary for a Brinell test consists of a machine 
for making an indentation with a sphere under a known load, and 
means for measuring the diameter of that indentation. 

The machine that was used in making the tests at the National 
Bureau of Standards described in this paper is shown in figure 1. It 
consists of a heavy cast-iron frame A, an adjustable anvil B, and a 
hydraulic press C. The specimen is placed on the anvil B and is 
brought into contact with a 10-mm ball attached to plunger D, which, 
in turn, is connected to the ram of the hydraulic press. Hand pump 
E is used to force oil into the hydraulic press. The resulting compres- 
sive force set up between the ball and the specimen may be read off 
approximately on pressure gage F. With continued pumping the 
pressure will increase until it is just sufficient to lift the crossbar G 
and the dead weights H, which are connected to the pressure chamber 
by a ball piston without packing. The pressure in the cylinder and, 
therefore, the force exerted by the ball will remain practically con- 


1 Communications Congrés International des Méthodes d’Essai des Matériaux de Construction, Paris, 
2, 83-94. (1900.) 
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Figure 1.—Machine for making Brinell test and microscope for measuring diame- 
ter of indentation. 


























Petrenko, Ramberg, — Determination of the Brinell Number 61 


stant as long as the piston remains raised to a position of floating 
equilibrium. 

This machine was chosen because investigation showed that the 
motion of the indenting tool had no appreciable lateral play and 
differences caused by frictional forces in the ball piston were too 
small to be observed in calibrating with a proving ring. Previous 
tests with an improvised dead-weight Brinell machine had shown 
that errors as great as 5 or 10 percent could be produced by very 
small rocking of the ball under load. 

A load of 3,000 kg is commonly used for metals having a Brinell 
number greater than 100 and one of 500 kg for metals having a 
Brinell number less than 100. 

Figure 1 also shows the Brinell microscope M, that was used in 
most of the tests at the National Bureau of Standards to measure 
the diameters of the Brinell indentations. This microscope has a 
fixed 7-mm scale, which may be read directly to 0.1 mm and to 0.01 
mm, by estimation. 

(b) BRINELL FORMULA 


The Brinell number was defined by Brinell as the average axial 
stress over the surface A of the indentation produced by a steel ball, 
assuming that surface to be spherical, as it would be for an infinitely 
rigid spherical ball. This leads to the formula 
where 


B= ty1-(5)) a 
P=load (kg), 


D=ball diameter (mm), and 

d=indentation diameter (mm). 
Both P and D must be specified in giving the Brinell number, since 
it varies somewhat with each of these. Since the work of Brinell, 
suitable balls of other materials than steel have become available. 
As the indentation diameter, on the same metal, may differ for balls 
of different material (see p. 83) it is now necessary to specify also 
the material of the ball. Tables for H with P=3,000 kg, D=10 mm 
and with P=500 kg, D=10 mm have been computed from this 
formula, which give the Brinell number corresponding to the observed 
diameter d of the indentation.’ 


II. TEST SPECIMENS 


The materials used in this investigation are listed and described in 
table 1. They are tabulated according to lot numbers, ranging from 
10 to 90. Not all lots available in the laboratory were used for this 
investigation and only those used are listed. 


1 Misc. Pub. BS 62 (1924). 
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III. CAUSES OF DISCREPANCIES IN THE DETERMINATION 
OF THE BRINELL NUMBER 


Determination of the Brinell Number 


The causes of discrepancies in the determination of the Brinell 
number may be grouped as variations in the apparatus and procedure, 
in the specimen, and in the shape and material of the ball. 


1. APPARATUS AND PROCEDURE 
(a) RATE OF APPLYING LOAD 


A rapid rate of applying load will affect the diameter of the Brinell 
indentation in two ways. It will add an inertia load and a friction 
load to the nominal load and thus increase the size of the indentation, 
and it will allow less time for the plastic flow of the material, and, in 
that way, decrease the size of the indentation. 

The magnitude of the first of these two effects will depend both on 
the method of applying the load and on the type of machine used. 
It is probably small as long as the load is applied slowly and without 
jerking and as long as the friction forces opposing the motion of parts 
in the machine are small compared to the forces effecting that motion. 

This last condition is easily satisfied in a machine of the design 
shown in figure 1. The friction force between the lower piston and 
cylinder in the hydraulic press C is probably less than 0.5 percent 
of the impressed load of 3,000 kg, and the force between the ball 
piston lifting the balancing weights and its sleeve is certainly less 
than 0.5 percent of the 24-kg weight lifted at maximum load, since 
the piston is constantly covered with oil. 

In the absence of appreciable friction the only forces that may lead 
to a pressure greater than that required to maintain the weights G 
and H in floating equilibrium are the inertia forces due to an upward 
acceleration of the weights Gand H. The acceleration of the indent- 
ing plunger D is, in general, so small as to be entirely negligible and 
it is, in addition, in an upward direction, i. e., in a direction leading 
to a lessening of the load rather than an overload. 

The relative error due to an upward acceleration a of G and H will 
be equal to the ratio of the resulting inertia force to the weight of the 
floating parts, i. e., equal to the ratio of its upward acceleration a to 
the downward acceleration g of gravity 


AP a 
oe (2) 


The acceleration a will be large under two conditions, first, when 
the weights G and H are accelerated from zero velocity to a finite 
upward velocity at the instant at which the 3,000-kg load is reached 
for the first time, and second, when during the maintenance of maxi- 
mum load the downward drift of the weights is reversed into an 
upward motion by a stroke of the pump E, in order to maintain the 
weights in floating equilibrium. 

The acceleration mentioned first was greatly reduced in the ma- 
chine of figure 1 by attaching to the fixed cylinder J a leaf spring I, 
which starts to raise the balancing weights at half load, i. e., 1,500 kg 
on the indenting ball or 12 kg on the ball piston, and so imparts an 
upward motion to G and H, allowing them to come to floating equi- 
73059—36——5 
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librium with a small upward velocity. The travel of this spring is 
0.3cem. The average acceleration for an interval as small as 1 second 
from half load to full load would, therefore, be 


a=7X23-0.6 cm/sec?. 


If this acceleration were maintained at the instant of coming to 
floating equilibrium the overload would be 


AP 0.6 
P 981 
which is an entirely negligible overload. 

In estimating the magnitude of the acceleration due to pumping, 
the weights were assumed to drift down at a rate of 0.1 cm/sec. This 
approximates the observed rate of drift for the machine shown in 
figure 1. If the floating parts were then accelerated by a stroke of 
the pump E rapidly enough to gain an upward velocity of 2.9 cm/sec 
within 1 second, the average acceleration would be 3 cm/sec’, and 
the corresponding relative error due to dynamic overload would be 


AP_ 3 
P 981 


This also is a negligibly small overload. It is believed that average 
accelerations greater than 3 cm/sec? do not occur in careful testing 
with machines of the type shown in figure 1. 

The overload due to inertia is therefore negligibly small with a 
machine of the type shown in figure 1, in all practical cases, as long 
as the loads are applied smoothly. 

The second effect, that is, the decrease in indentation diameter with 
increasing rate of loading may, according to Guillery,’® * become appre- 
ciable for average rates of loading of the order of 1,000 kg/sec, provided 
the maximum load is maintained a sufficiently short time (less than 
a minute). In the case of soft cast iron he obtained diameters that 
were 3 percent smaller for a loading interval of about 15 seconds than 
those for an interval of 4 minutes. C. Grard ° states that there is no 
appreciable effect of the loading interval on the Brinell number pro- 
vided the maximum load is maintained for more than 2 minutes. 

In the absence of data covering different materials it was decided 
to make a short series of tests to provide further information on the 
subject. Two sets of five or more indentations each were made in 
23 specimens of widely different materials which were selected from 
the group listed in table 1. The load was applied relatively slowly 
in making one set of indentations and rapidly in making the other; 
the relatively slow rate of loading was taken as 30 seconds from no 
load to full load for the 3,000-kg maximum load and 10 seconds for the 
500-kg maximum load; for loads applied rapidly the loading interval 
was 6 seconds for the 3,000-kg load and 2 seconds for the 500-kg load. 
The rate of applying load was approximately uniform, i. e., the handle 
of pump E, figure 1, was operated at approximately a constant number 
of strokes per minute. The load was held at the maximum for 15 

3 Compt. Rend. 165, 468-471 (1917). 


4 Rev. Met. 18, 101-110 (1921). 
‘ Trans. Sixth Int. Cong. Assn. Testing Materials, 1912, report ITI?. 


=0.0006, 


=0.003. 








es 


we 


~_ 


OR OS aa alt 


OWwwe NI YP Oe 


ee Ae 
. a 











Pevenko, Rambert,| — Determination of the Brinell Number 65 


seconds in every test; actually it would have been desirable to make 
this interval zero, but since inaccuracies in timing are unavoidable 
it was felt that the value should not be too small, and 15 seconds was 
chosen in the belief that it would lead to comparable results. 

The average diameters for each set of indentations are given in 
table 2. The specimens are identified in this table by lotnumbers; 
their compositions may be found from table 1. It is seen that the 
average diameters of the indentations for all the steel specimens do 
not differ by as much as 0.01 mm; they agree within 0.02 mm for all 
remaining specimens, except those of nickel, copper, and brass. An 
examination of the individual readings for these metals showed that 
the individual readings differed more than the difference between the 
averages in all cases. The observed differences are in 9 cases positive, 
in 12 cases negative, and in 2 cases too small to detect. For all the 
specimens the effect of rate of loading up to 500 kg/sec appears to be 
smaller than the accidental variations in indentation diameter due 
to lack of homogeneity and due to other causes. 


TABLE 2—Tests to determine the possible effect of the rate of application of load 
upon diameter of undentation 





















| 
Diameter of indenta- 
tion ! 
Differ- 
Lot | Material Load 

Load Load ~ 

applied applied 

slowly rapidly 

a ~ 
kg mm mm mm 
OB | TO OO sn i Es cake octicincewnd an SO 3, 000 6. 794 6. 744 —0. 050 
36 | Sort aimee GOMES... c. . 5. cece 3, 000 6. 426 6. 410 —. 016 
20 | Soft phosphor bronze. _-_-.-.-..-.-- PEO, a AIS Sy: LEBEN 3, 000 6. 034 6. 032 —. 002 
OD 2 CN ils oo eee dh cd iceewnas amends 3, 000 5.932 5. 935 +. 003 
SR 1 Ge IE CNR een Seco e aS cose ook on ce tenece 3, 000 5. 861 5. 884 +. 023 
| 

12 | Duralumin.-..-.-_- dich iis yasmin ia agencies chi etiam satin 3, 000 5. 434 5. 450 | +. 016 
gE bE EE NEE REE SNS YER 3, 000 5. 330 5.310 | —.020 
a) en ID in ccc cckbeswneccnennnn 3, 000 5. 331 5. 332 +. 001 
BS | CON -FOUNnd CBFDOE GEOR nooo cnc ncncccnasenmsncs 3, 000 4. 999 4. 997 —. 002 
33 | Monel metal................ Lena dieh a nage te daaaes 3, 000 4. 900 4. 904 +. 004 
OPT Pe his bocca cn ndecnbnddeumesce 3, 000 4. 618 4. 608 —.010 
eS OS > Sp rene hay ee ore 500 4. 594 4. 604 -++. 010 
ae | Carnem Sper SONG... os. ..-5....2.6.0..2. saeaipatin olla Mati ga 3, 000 4. 546 4. 543 —. 003 
Be 4 Seeies SN NO a 5 ncn wns n tc comsens 3, 000 4. 156 4. 154 —. 002 
RR see ernest eee 3, 000 4. 002 4. 009 +. 007 
4: III hota Sk chin cca Sgccipavebeddvs mace 3, 000 3. 973 3. 968 —. 005 
eR Ee ee ee ey oe ee 500 3. 802 3. 776 —. 026 
Oo | Nickeleumominm steel... .....-.... 522.4... 22. 3, 000 3. 754 3. 756 +. 002 
58 | Chromium-vanadium steel_...............---------- 3, 000 3. 725 3.722 —. 003 
a. | Oole GRE. Ws. Pt Rc PRES eared Levaewes sauces 500 3. 942 3. 520 +. 028 
57 | Chromium steel 3, 000 3. 298 3. 296 —.002 
27 | Nickel steel............. 3, 000 3. 104 3. 104 . 000 
84 | Carbon tool steel 3, 000 3. 103 3. 103 . 000 














' Each value is the average of at least 5 determinations. 
(b) TIME UNDER NOMINAL LOAD 


The effect on the diameter of the Brinell indentation of the time 
under maximum load has been investigated by W. N. Thomas ®°, 
W. Deutsch 7, M. Guillery *, and P. Lieber. Each one of these 


J. Iron and Steel Inst. 93, 255-269 (1916). 

’ Forsch. Gebiete Ingenieurw. M1, 7-23 (1919). 
§ See footnotes 3 and 4. 

"Z. Metallkunde 16, 128-131 (1934). 
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investigators found that a certain time interval was required to allow 
the ball to penetrate to its position of static equilibrium. 

In the case of mild steel Thomas found that some 5 to 10 minutes 
were required to come within 1 percent of the Brinell number for 
loading intervals as long as 1 hour. 

Deutsch recommended a duration under maximum load of not less 
than 3 minutes in testing soft bearing metals. Guillery concluded 
that 3 minutes are required to bring the diameters of indentation on 
mild-steel specimens within 1 percent of the final equilibrium value. 
Lieber found that an interval of 15 minutes under maximum load is 
required for some very soft bearing metals to bring the Brinell number 
within 1 percent of the final value; he found that the Brinell numbers 
after 3 minutes at maximum load may be as much as 12 percent above 
the final value. 
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Figure 2.—Variation in indentation diameter with time under maximum load. 


Brinell scale on right margin of figure applies to all curves except those marked 500 kg. 


The investigators mentioned above confined their study of the 
time effect to mild steel, copper, and the soft bearing metals. It 
seemed worth-while to extend this research to a wider variety of 
materials selected from those listed in table 1. 

The tests were made as follows: Four sets of five indentations 
each were made in each specimen, the time from no load to full load 
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being 10 seconds and the time under maximum load being 0, 15, 
30, and 120 seconds, respectively, for the successive sets of five 
indentations each. A maximum load of 3,000 kg was used on all 
specimens, except those from lots no. 11, 14, 15, 16, 24, and 37, 
which were tested using a maximum load of 500 kg. The average 
diameter of indentation for each set is plotted against time under 
maximum load in figure 2. The Brinell numbers of all specimens, 
except those tested under 500-kg load, may be read from the vertical 
scale at the right of the figure. It is seen that the creep for most 
materials is quite rapid during the first 30 seconds under maximum 
load; it is much less rapid in the interval from 30 to 120 seconds. 
The Brinell number in this interval decreased more than 1 percent 
for only two of the materials tested, i. e., soft copper (specimen 38, 
1.34 percent) and carbon steel (specimen 55, 1.30 percent). The 
decrease in Brinell number was between 0.5 percent and 1 percent 
for 10 of the 29 specimens tested, and it was below 0.5 percent for 
the remaining 17. 

For most materials, then, the Brinell number varies less than 1 
percent for loading intervals between 30 and 120 seconds. 


(c) ERROR IN LOAD 


The effect on the Brinell number of a relative error AP/P in the 
applied load is given by the Brinell formula, page 61, if it is assumed 
that this formula gives a Brinell number P/A independent of P in 
the region considered. Differentiation gives 


a 1a AP 
Hap 4P= Pp" 3) 


that is, the relative error in the Brinell number is equal to the relative 
error in the applied load. The assumption, on which the correctness 
of this equation is based, that the Brinell number is independent of 
the load, is true in first approximation only. The closeness of this 
approximation may be computed by using the empirical relation 
between load P and indentation diameter d established by E. Meyer 
for a large number of metals indented by steel balls: 


P=ad", (4) 


where a is a constant depending on the material and the ball diameter 
and n is a constant depending on the material alone. Meyer found 
values of n ranging from n=1.91 to n=2.4. The Brinell number 
may be written in terms of Meyer’s law as " 


H=S, g%* pi-am (D+ p—(=)") (5) 


The change of the Brinell number with load was computed from this 
by differentiating with respect to P and substituting in equation 3. 
he resulting expression involves n and P/a. P/a was replaced by 
(and AH/H was calculated for the most unfavorable pairs of values 
fnand d. For n=1.91 and d=7 mm, AH/H=—0.26 AP/P, and 


Ss 
: Forsch. Gebiete Ingenieurw. 65 (1909). 
H. O’Neill, J. Iron and Steel Inst. 107, I, 343-376 (1923). 
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for n=2.4 and d=2 mm, AH/H=+.16 AP/P. It appears from 
this that AP/P on the right side of equation 3 must be multiplied by 
0.74 in the first case and by 1.16 in the second to give a value of 
AH/H corrected for the variation of the Brinell number with load, 
This variation adds less than 20 percent to the correction as given by 
equation 3 in the most unfavorable cases that could be found. As- 
suming a 20-percent correction to equation 3, the applied load should 
be correct within 0.33 percent in order to keep the error in the Brinel] 
number from that source within 0.4 percent. 


(d) ERROR IN MEASURING THE DIAMETER OF INDENTATION 


The area A entering in the expression P/A for the Brinell number 
is defined as the area of the surface of contact between the ball and 
the specimen under load. It is assumed in the derivation of the 
Brinell formula that A can be measured by the diameter of the inden- 
tation d left after removing the ball. 

Actually there may be considerable uncertainty in the magnitude 
of this diameter, and hence in the value of the Brinell number P/A 
obtained. For some materials the edge of the indentation is very 
poorly defined, even when the surface finish is good. Sometimes 
there is a ridge around the indentation extending above the original 
surface of the specimen, and at other times the edge of the area of 
contact is below the original surface ” as is illustrated in fig 3. In 
some cases there is no sharp line of demarcation between the inden- 
tation and the surrounding surface; one surface merely rounds off 
into the other. In all cases there is uncertainty as to the portion 
of the visible indentation which was actually in contact under load. 
At present no methods are known which will in all cases eliminate all 
uncertainty as to the actual contact area. The best that can be 
done is to insure that different observers will not secure too widely 
different results on the same indentation. 

For some specimens, the indentations may be made more distinct 
by using balls etched with nitric acid, as suggested by Axel Hultgren." 

The borders of the indentation will be still more distinct if a ball of 
more rigid material than steel is used. Styri'* found that indentations 
made with 5-mm Carboloy (tungsten-carbide) balls at 750-kg load 
have a remarkably clear outline, even on specimens baving Brinell 
numbers as high as 780. This observation was confirmed by tests 
made at the National Bureau of Standards (p. 88). In these tests 
10-mm Carboloy balls were used to indent specimens up to 750 Brinell 
at 3,000 kg. It must be borne in mind, however, that Carboloy 
balls will indicate considerably higher Brinell numbers than steel 
balls on a given specimen because of the difference in elastic properties; 
this is discussed on page 85. 

In general, there will be an error Ad in reading the diameter d of 
the indentation. The relative error AH/H in the Brinell number 
due to a relative error Ad/d may be computed from the Brinell formula 
1 by differentiation 


AH 10H 1 Ad 
anos =|) Tay ) 
s 1-(5) 


12 F. E. Ross and R. ©. Brumfield, Proc. Am. Soc. Testing Materials 22, part II, 312-334 (1922). 
13 Axel Hultgren, Mech. Eng. 43, 445 (1921). 
14 Metals and Alloys 8, 273-274 (1932). 
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FigurRE 3.—Sections of Brinell indentations on two different materials. 


{[A, Copper; B, aluminum.] 
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The minus sign indicates that an increase in indentation diameter 
corresponds to a decrease in Brinell number. 

Figure 4 shows curves for the percentage error 100 AH/H in the 
Brinell number H plotted against H for values of d ranging from 0.005 
to 0.050 mm. The error in the Brinell number is less than 1 percent, 
as long as the error in diameter does not exceed 0.01 mm. 

Errors in reading the diameter of the indentation may be ascribed 
to two causes, first, to an error in the reading of the instruments used 
for measuring the diameter, and second, to indefiniteness of the bound- 
ary of the indentation itself. ; 

The error in reading a Brinell microscope of common design, such 
as the one shown in figure 1, should not exceed 0.01 mm over the 
entire 7-mm scale, if the microscope is in proper adjustment. The 
adjustment of the microscope may be checked easily by placing it 
on a calibrated 7-mm scale, such as the scale marked on disk N shown 
next to the microscope in figure 1, and verifying that the image of 
this scale and the scale on the reticule coincide within 0.01 mm; 
this corresponds to 0.1 of a scale division. 

No discussion was found in the literature of the magnitude of the 
error due to indefiniteness of the boundary of the indentation, al- 
though this error is probably the greatest single factor contributing 
to the lack of concordance in Brinell numbers obtained by different 
observers testing a given material. The following series of tests was 
made to provide some information on this point. 


TABLE 3. —Average errors in reading Brinell indentation diameters 



































Observer 1 | 2 | 3 | 4 | 5 
ee SE, ARE anor eh, La seiibicinan ___.| Mean value 
Diameter H Average error ! 
mm mm mm mm mm mm mm 
RRS SR oa SO Re 644 0. 0095 0. 0054 0. 0134 0. 0113 0. 0201 0. 0120 
EEE es a ee 24 . 0050 . 0064 . 0156 . 0217 . 0194 . 0136 
RR ae a 392 . 0037 . 0025 . 0135 . 0124 . 0068 . 0078 
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lisssenisndbcaecvenaiannant 166 . 0049 . 0054 . 0069 . 0081 . 0206 . 0092 
NE ONION aii ick ua ckek scam bedl 0. 0053 0. 0047 0. 0104 0. 0128 0. 0160 0. 0099 














! Rach value given is the average for 6 indentations. 


Six groups of six Brinell indentations each were made on steel 
specimens whose surfaces had been ground plane and the diameter 
of each indentation, taken as the average of two mutually perpen- 
dicular diameters, measured at an angle of about 45 degrees to the 
direction of grinding, was obtained by two methods. First the 
diameter of each indentation was obtained with a traveling micro- 
scope which was read by estimation to 0.001 mm. Then the diameter 
of each indentation was obtained by-each of five observers with the 
regular Brinell microscope (M, fig. 1), which was read by estimation 
to0.0l1mm. The observers were chosen from the staff of the Bureau’s 
Engineering Mechanics Section. Observers 1 and 2 had had con- 





70 ~— Journal of Research of the National Bureau of Standards — {va.y 


siderable experience in measuring the 40,06 s 


diameters of Brinell indentations, 
observer 3 had had only a small 
amount of experience, while observers 
4 and 5 were inexperienced. 

The relatively more concordant re- 
sults obtained with the traveling mi- 
croscope were considered as correct, and 
the error for each observer for each 
indentation was computed by sub- 
tracting the diameter obtained with 
the traveling microscope from the di- 
ameter obtained with the regular mi- 
croscope. These results are plotted in 
figure 5. 
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Fiacure 4.—Error in Brinell number due to 
error in indentation diameter. 
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The diameters of the six indenta- 
tions of each group were nearly equal. 
The averages of the absulute values 
of the errors for each group were com- 
puted for each observer. They are 
given in table 3. The last line of table 
3 lists mean values of the average 
errors for each observer, and the last 
column lists mean values for each 
group of indentations. 
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From these results the average percentage error in the Brinell 
number was computed for each observer for each group. These 
values are plotted in figure 6 as a function of the Brinell number. 

The results for each observer shown in figure 5 indicate the pres- 
ence of systematic as well as accidental errors. The systematic error 
changes with the Brinell number of the specimen in a different way 
for each observer. Both the systematic and the accidental errors 
were smaller for the experienced observers than for the remaining 
observers. Apparently a certain amount of experience improves an 
observer’s ability to distinguish the 






























































boundary of the contact surface. Pe ape ee 
Figure 6 shows that the average 22 L 00 4H , 
percentage error in the Brinell num- 2022 i Pee 
ber for the experienced observers : \ ae 
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compressive stresses in the direction . 0 200 400 600 800 
of rolling than at right angles to Brine! number 

that direction, the indentation will FiGuRE 6.—Average error in Brinell 
beroughly elliptical witha maximum “number due to uncertainty in reading 
diameter in the direction of rolling — indentation diameter. 

and a nunimum, diameter at right {Curves 1-1 and 2-2 represent results obtained 
angles to that direction. An average by experienced observers; 3-3 by an observer 
value of the Brinell number for  crwith no pmnione ered FS by observ- 
an indentation with a noncircular 

boundary will be obtained if the diameter of the indentation is taken 
as the average of diameters in four directions, roughly 45 degrees 
apart. 

It is assumed here that the surface of the specimen is finished by 
filing, machining, or grinding to such smoothness that the tool marks 
do not interfere with the measurement of the indentation diameter. 
For most materials there is no difficulty in finishing the specimen so 
that the error in the measured diameter caused by tool marks does 
not exceed 0.01 mm. 

If the test used affects only a very small amount of the test material, 
there may be some question as to the proper interpretation of results 
because variations in indentation numbers may be due to local differ- 
ences in the surface layer of the specimen and not to systematic varia- 
tions in the body of the material. The standard Brinell test is prob- 
ably comparatively free from uncertainties of this sort because in it 
a fairly large amount of the test material is affected. Variations in 
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the Brinell number greater than can be accounted for by the varia- 
tions in the test procedure and in the indenting ball will actually 
indicate corresponding variations in those properties of the materia] 
in which the user is interested. 
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(b) CURVATURE OF SURFACE 


It is frequently necessary in practice to measure the Brinell number 
on a curved surface rather than a plane surface. An indentation on 
a curved surface of a specimen having uniform properties will not 
have a circular boundary unless the curvature is constant in all direc- 
tions, as in the case of a sphere. The question arises as to which 
diameters to measure and how to average them so as to obtain the 
“equivalent diameter’, which may then be substituted in the Brinell 
tables or in formula 1. A good approximation to the equivalent 
diameter will be obtained when the diameters measured and the 
method of averaging are such that the area computed from the 
equivalent diameter approximates closely the area of the actual 
indentation. 

The relative error in the Brinell number corresponding to an error 
AA in the assumed area of the indentation is then from 1: 


AH__ AA () 
. es | 





A convenient approximation to the equivalent diameter would be 
the average of the maximum and the minimum diameters of the 
indentation, that is, the average of the diameters in the two planes 
of principal curvature. The corresponding value of AA is derived 
in the appendix 1, page 92, as a function of the principal curvatures of 
the specimen (equation 17, page 94), and the distance from the center 
of the indenting ball to the point of intersection of the load line with 
the original surface of the specimen, The area A of the surface of 
the sphere embedded in the specimen is given by equation 14 of 
appendix, page 93. Knowing both A and AA, the relative error 
in the Brinell number can be computed for various values of the 
Brinell number P/A. 

Figure 7 shows the result for the indentation produced by a 10-mm 
ball under 3,000-kg load on cylindrical specimens of 20 mm and of 
50 mm diameter, as well as on specimens having a concave cylindrical 
curvature of 10 mm radius and 25 mm radius, respectively. For 
two of the surfaces considered, the maximum radius of curvature of 
the specimen is twice that of the indenting ball, while for the remain- 
ing two it is 5 times the radius of curvature of the ball. For the 
extremely high ratio of 1:2 the error in Brinell number is less than 
3 percent for the concave cylindrical surface and less than 1 percent 
for the convex cylindrical surface; for the ratio 1:5 the error is less 
than 0.3 percent for both concave and convex cylindrical surfaces. 
The cylindrical specimen is a rather severe test of the approximation; 
the errors involved would be larger only in the case of specimens 
with anticlastic curvature, i. e., specimens whose principal radii of 
curvature have opposite signs. Two cases of anticlastic curvature 
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were computed, one in which the specimen had radii of curvature of 
+10 mm and —10 mm and the other in which the radii were +25 
mm and —25 mm (fig. 8). The error becomes as large as 6.5 percent 
in the first case, but 1t is less than 1 percent in the second case. 

The error in the Brinell number due to curvature of the specimen 
may be reduced, in general, to less than 1 percent by using the average 
of the two principal diameters of the indentation as the equivalent 
diameter, provided the minimum radius of curvature of the specimen 
is equal to or greater than 5 times the radius of the indenting ball. 
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material directly under 
the ball may be insufficient to support the load and this portion may 
yield rapidly with increasing pressure. The diameter of the indenta- 
tion may, therefore, be larger than one obtained on a thicker specimen. 
The effect of thickness on the Brinell number of steel specimens 
has been investigated by H. Moore'l and by W. N. Thomas. 
Moore found an increase of about 3 percent if the depth of the inden- 
tation was one-third the thickness of the specimen. A ratio of 1:7 
was considered safe by Moore to eliminate the effect of thickness. 
Thomas concluded from his tests that the effect of thickness was 
negligible for a 10-mm ball at 3,000-kg load, provided the specimen 
was at least 0.38 in. thick. 


% Trans. Fifth Int. Cong. Assn. Testing Materials 1909, report II,. 
J, Iron and Steel Inst. 98, 255-269 (1916). 
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It seemed desirable to add to these results by carrying out a series 
of tests on specimens of various materials. The following procedure 
was adopted in carrying out these tests. One surface of each specimen 
was machined so that the thickness of the specimen decreased uni- 
formly approximately 0.05 in. for each inch of length. The other 
surface was polished with emery paper, without previous machining, 
and indentations were made about 1 inch apart. This spacing gaye 
the desired variation in thickness and eliminated at the same time 
the effect of any given indentation on an adjacent one. The time 
under maximum load was in every case 30 seconds. 

The resulting variation of diameter of indentation with thickness 
of specimen is shown in figure 9 (see table 1 for composition of test 
specimens as indicated by the lot numbers near the right end of each 
curve). The diameters are given in millimeters while the thickness 
of the specimen is given in inches, in accordance with the usual 
American practice. It will be seen that in most cases the diameter 

70 decreased with in. 

"60 199 2H - creasing thickness 

H indicating that the 
+50 |—- weakening in the co- 
140 hesion of the material 
usually predominates 
+3.0 | over the strengthening 
+20 due to the backing of 

10 the steel plate below 
rt the specimen. For 
specimens 14, 35, and 
37 the second effect 
appears to be more 
important than the 

30 | H first, since the diame- 

0 200 400 600 800 {000/200 ters of the indente- 

Brinell nurnber tions were found to 

Ficure 8.—Corrections due to anticlastic curvature to Increase with increas- 
be added to Brinell number ing thickness. 

[10-mm ball, under 3,000 kg load] The curves faired 

Curve a, anticlastic surface, principal radii 10 mm. Curve b, anti- through the individual 

clastic surface, principal radii 25 mm. points have been used 

to determine a “critical’”’ thickness, arbitrarily defined as the thickness 

at which the apparent Brinell number for the indentation differed 

by 1 percent from that for the thickest portion of the specimen. The 

corresponding thickness is indicated by a short vertical line on each 

curve; it varied between the limits of 0.08 in. and 0.32 in. For other 

metals, as well as for steel, a thickness of specimen of 0.4 in. may, 

therefore, be considered sufficient, in nearly all cases, to make negli- 

gible the effect of thickness on Brinell number. This thickness agrees 

closely with the thickness of 0.38 in. recommended by Thomas for 

steel specimens.” 

It was noted that under each indentation made, where the thick- 
ness was less than the “‘critical’’ value, a spot of altered surface was 
visible on the under side of the specimen. As a large variety of 
engineering materials was used in this investigation, it seems safe to 
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17 J. Iron and Steel Inst. 93, 255-269 (1916). 
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assume that the absence of a visible spot on the under surface of the 
specimen indicates that the thickness of the specimen exceeds the 
critical thickness as defined above. 


Determination of the Brinell Number 


(d) SPACING OF INDENTATIONS 


(1) From Edge.—If an indentation is made too near the edge of the 
specimen it may be both too large and too unsymmetrical. 

H. Moore * concluded on the basis of tests on specimens of steel 
and of rolled brass that the center of the indentation should be at 
least 2% times the diameter of the indentation distant from the edge 
to avoid errors from this source. 
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Figure 9.—Variation in indentation diameter with thickness of specimen. 


{Brinell scale on right margin applies to all curves except those marked 500, 1,000, or 1,500 kg.] 


It seemed desirable to extend these results to a wider variety of 
materials. Indentations were made on 23 different specimens se- 
lected from the materials listed in table 1. The thickness of each 
specimen was greater than 0.40 in. so as to make the effect of thick- 
ness negligible (see previous section). The time under load was in 
every case 30 seconds. 





18 See footnote 15. 
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Figure 10 shows the relation between the diameter of the indenta- 
tion and the distance from the edge for each of the 23 specimens. As 
in figure 9 a value was found for the ‘‘critical’’ distance in each case, 
i. e., the distance at which the apparent Brinell number for the in- 
dentation differs by 1 percent from that obtained for the maximum 
distance. This value is indicated by a short vertical line. The ratio 
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of this critical distance to the diameter of the indentation was found 
to vary from 1.1 to 2.6. 

_, The error in Brinell number due to edge spacing may be neglected 
if the distance of the center of the indentation from the edge of the 
specimen is equal to or greater than three times the diameter of the 
indentation. 
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(2) From Adjacent Indentations.—If{ an indentation is made too 
close to one made previously, at least three possibilities of error are 
introduced. 

Deformation of the material resulting from a second indentation 
may extend into the one made first, decreasing its diameter along 
the line connecting their centers. 

Lack of sufficient supporting material may make the second 
indentation too large. 

Work-hardening of the material resulting from the first indentation 
may decrease the size of the second indentation. 

The magnitude of the effect on the Brinell number of adjacent 
indentations was investigated for different specimens selected from 
the materials listed in table 1. The thickness of each specimen was 
greater than 0.40 in. and the time under load was in every case 30 
seconds. 

The following test procedure was adopted: 

Six pairs of points A—A’, B—B’, C—C’, . . . were marked on 
the specimen, each pair being well separated from any neighboring 
pair and from the edges of the specimen. The points were so located 
that the distances AA’, BB’, CC’, . . . decreased progressively. 
Indentations were made with the points A, B, C, .. . as centers. 
The diameters parallel to AA’, BB’, CC’, . . . were then measured. 
Indentations were made at points A’, B’, C’, . . . and the diameters 
parallel to AA’, BB’, CC’, . . . were measured. The diameters of 
the indentations at A, B, C, . . . were again measured. 

The results of the measurements are shown in figure 11. This is 
a plot of the distance between indentation centers as abscissas and 
d,—Ad as ordinates, where d, denotes the diameter of the indentation 
before the second one was made close to it and Ad is the decrease in 
this diameter after the second indentation is made. In each case 
values for the distance between indentation centers were found for 
which there was no variation greater than 1 percent in the Brinell 
number for the indentation. The smallest of these values is indicated 
on the curve by a short vertical line and will hereafter be called the 
critical distance. For specimen 38 the ratio of the critical distance 
to the corresponding diameter of the indentation is 1.6. For all other 
specimens this ratio is less. 

A comparison of diameters of indentations A, B, C, ... made 
first, with those of indentations A’, B’, C’, . . . made last, showed 
the effect which the indentations made first had upon those made 
last. This effect was quite small and no critical distance larger than 
the largest one shown in figure 11 was found. 

The error in the Brinell number due to indentation spacing will 
not exceed 1 percent if the distances between centers of adjacent 
indentations are equal to or greater than three times the diameter 
of the indentation. 


Determination of the Brinell Number 


(e) ANGLE BETWEEN LOAD LINE AND NORMAL TO SPECIMEN 


It is not always practical to have the surface of the specimen at 
the point at which it is to be indented exactly normal to the load P 
producing the indentation. Usually there will be a small angle a 
between load line and-normal to the surface; this will reduce the nor- 
mal load from P to Pcosa and in addition will add a component of 
load Psine acting in a direction tangential to the surface of the 
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specimen. The reduction in the normal load may lead to an increase 
in the observed Brinell number, while the addition of the tangential 
component may elongate the indentation in the direction in which it 
acts and may lead to an increase in area and consequent decrease in 
the observed Brinell number. The question arises within what limits 
a must be kept to make the error in the Brinell number from this 
cause negligibly small. 
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FicuRE 11.—Variation in indentation diameter with distance of Brinell indentation 
from adjacent indentations. 





[Brinell scale on right margin applies to all curves except curve 13.] 





An estimate of the error involved was obtained for a soft steel block 
(Brinell number 187) and a hard steel block (Brinell number 524) in 
the following manner. 

The Brinell number of each steel block was determined from four 
or five indentations apiece under normal loading. A 2-degree wedge 
was then placed under the block and two further indentations were 
made; this was followed by the making of two indentations each 
with a 4-degree and a 6-degree wedge. 
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The resulting variation of the observed Brinell number with wedge 
angle is plotted in figure 12. Strictly speaking, the angle between the 
normal to the specimen and the load line will be larger than the wedge 
angle because of the play in the indenter D (fig. 1). Measurements 
showed that the maximum play possible was only about 0.5 degree. 
This is too small a variation to have any measurable effect on the 
Brinell number and it was accordingly neglected in plotting figure 12. 
Figure 12 also shows a plot of the percentage increase in the Brinell 
number due to the reduction in normal load computed from 


ae =p = 1—008 Qt. (17) 


The percentage increase appears to be too small to be measured, and it 
is entirely overshadowed by the second effect which becomes appreci- 
able for we a sage 

¥F ra “ ; spe 6 a 100 aH e Specimen Brinell number 187 
The error does not ex- 42 H o 4 ” « S524 
ceed 1 percent for an- /-cos Oy 
glesof2degrees. The yw 9 = 
error exceeded 8 per- -2 
cent for the indenta- & 
tions on the hard-steel & “— 





block with the 6-degree -6 
wedge. a 
The two specimens is a 
are sufficiently far “4 
apart in Brinell num- 0 / 2 5 4 5 6 


bertomakeit probable Agle between normal to specimen and vertical OL” 


that the error will not Figure 12.—Error in Brinell number due to deviation 
exceed 1 percent for from normal loading. 
other steels also, as 
long as the deviation from normal loading does not exceed 2 degrees. 
The naked eye will suffice in most cases to check alignment within 
2 degrees. 

3. INDENTING BALL 


The Brinell formula assumes that the indenting ball remains a 
sphere of nominal diameter (e. g. 10 mm) during the test. Actually 
this condition is never satisfied. The ball will, in general, deviate 
from the nominal diameter, its shape will not be truly spherical, and, 
furthermore, it will deform under load elastically and may deform 
permanently. Each of these conditions results in a curvature of the 
contact surface different from the nominal curvature which, in turn, 
leads to a difference in contact area and a corresponding change in 
the computed Brinell number. 


(a) ERROR IN DIAMETER 


if the indenting ball is spherical when not under load but has a 
diameter D+AD instead of the nominal diameter D, the resulting 
" Forsch. Gebiete Ingenieurw. 65 (1909). 
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indentation diameter d will vary, in general, with AD. The magni- 
tude of the variation has been studied by Meyer * for a number of 
metals indented with steel balls of various diameters. He found 
that this variation could be expressed by a formula of the type 


P=ad=a ap) a, (18) 


where a is a constant depending on the material of the specimen, and 
on the nominal diameter D of the ball used, and where n is a constant 
of the material alone. Meyer found values of n ranging from 1.91 
(for lead) to 2.38 (for a certain type of cast iron). For most metals 
n lies in the neighborhood of 2.2. It is seen by solving equation 18 


for d 
a—(2)" (1 ay 19) 


that the indentation diameter d (not the Brinell number) will be 
independent of the ball diameter D only for n=2; it will increase 
with increasing ball diameter for n greater than 2 and will decrease 
with increasing ball diameter for n less than 2. Since the Brinell 
number decreases with increasing d, and since n is greater than 2 
for most metals, a decrease of the Brinell number with increasing ball 
diameter may ordinarily be expected. 

A quantitative measure of the resulting error in the Brinell number 
for a given value of n, assuming the ball to be rigid, may be obtained 
by substituting equation 19 in equation 5 and calculating the differ- 
ence in H for D=10 mm and D=10+AD mm. Eliminating a with 
the help of equation 19 the following expression results for AD/D small 
compared to 1. 


AH _dH AD_2(1—n+—~—>5\ ap : 
H oD Dn y1-(5) D (20) 


This coincides with the corresponding expression which would be 
obtained from equation 1 for the special case n=2 upon holding every- 
thing constant except D. 

Figure 13 shows the percentage error 100 AH/H calculated for the 
extreme cases n=1.91 and n=2.4, as well as for the ideal case n=2 
for deviations AD=0.10 mm, and 1.00 mm from a nominal diameter 
of 10 mm. The percentage error for AD=0.10 mm does not exceed 
0.5 percent for Brinell numbers between 67 and 945. 

The diameters of steel balls produced by modern manufacturing 
methods are within 0.015 mm of the nominal diameter. The error 
due to variation in diameter of such balls for any value of n observed 
by Meyer stays below 0.1 percent, which is entirely negligible. 


(b) NONSPHERICAL SHAPE 


If the indenting ball is nonspherical in shape when not under load, 
there will be a resulting error in the Brinell number. This may be 
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estimated from equation 20, provided the radii of curvature in the 
region of contact are known. AD may be taken as the difference 
between twice the average radius of curvature—i. e., the effective 
diameter of the ball in the region of contact—and the nominal diam- 
eter. Consider, for example, a ball ground to the shape of an ellipsoid 
of revolution with the minimum diameter of the ellipsoid coinciding 
with the line of action of the load on the ball. Such a ball will have 
an effective diameter at the point of loading larger than the average 
diameter by an amount 34D, where D-+-AD is the diameter at the 
equator of the ellipsoid of revolution, and D—AD is its diameter along 
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Figure 13.—Error in Brinell number due to error in ball diameter. 
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the load line (connecting the poles). The consequent error in the 
Brinell number will, according to equation 2, be less than 1.6 AD/D in 
practical cases (n between 1.91 and 2.4). The error would not exceed 
0.24 percent if the tolerance in diameter is set at +0.015 mm. 
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(c) DEFORMATION OF BALL UNDER LOAD 


The diagrammatic sketch of figure 14 will assist in a discussion of 
the effect of deformation of the ball on the Brinell number. Balls 
B, and B, are imagined to indent a given specimen under a given 
load, and both are taken to be spheres of the same diameter when not 
under load. Ball B, is an “ideal” Brinell ball; it is perfectly rigid 
and will not deform under load. If such a ball were possible, an 
“ideal”? Brinell number could be determined by direct measurement 
of the indentation it produced. Ball B, is an actual Brinnell ball; it 
is made of deformable material and will yield under load elastically, 
and if the stress in the contact area is sufficiently high it will deform 
permanently. The area of contact under load approximates a 
sphere of radius r greater than D/2 and therefore the diameter d’ of 
the indentation (except for the special case of n=2, see equation 19) 


Rigid Bal/ B, Llastic Bal/ Bp 





q Ss ed 
AreaA Areal wi | 


| : eo a 
kK —+ Area A ma ol’ ——+| 


Figure 14.—Diagrammatic sketch of two balls indenting a given specimen under a 
given load. 


[Ball B; is an ideal rigid Brinell ball and Bz is an actual deformable Brinell ball.] 


will be different from the diameter d of the indentation produced by 
the ideal rigid ball. Further, the area of contact corresponding to 
the diameter d’ is computed (by the Brinell formula) as if it were a 
spherical calotte of radius D/2. The Brinell number so measured 
and computed, in contrast to the hypothetical ideal Brinell number, 
instead of being a characteristic mechanical constant of the specimen 
alone is also a function of the elastic and inelastic properties of the 
indenting ball which determine its shape under load. 

The importance of this effect, especially for materials of high Brinell 
number, is shown clearly: by tests made by Mailaender,” who found 
differences up to 10 percent between the Brinell number of a given 
specimen computed from indentations with a 5-mm_ diamond 
ball under 187.5-kg load and with a 5-mm steel ball under the 
same load. Styri*! found differences of the same order betwee 


#0 R. Mailaender, Stahl u. Eisen 45, 1769-1773 (1925). 
#1 H. Styri, Metals and Alloys 3, 273-274 (1932). 
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the Brinell numbers computed from indentations with 5-mm Car- 
boloy balls under 750-kg load and those with 5-mm steel balls 
under the same load. 

Brinell defined his “hardness number’? (nombre de dureté) in 
terms of the indentation produced by a ball of hardened steel (acier 
trempé).” According to this definition Brinell numbers computed 
from balls of other materials have “errors” depending upon the 
difference between their elastic moduli and the moduli of steel. In 
view of the increased use of Carboloy and diamond balls, it seems 
preferable to consider these effects not as errors but as differences 
between Brinell numbers measured under different conditions anal- 
ogous to the difference between the 3,000-kg Brinell number and the 
500-kg Brinell number of the same material. 

Meyer’s formula 18 could be used to evaluate this effect if Meyer 
had extended his work to very hard materials and had, in addition, 
obtained values of n for balls of other materials than steel, and if the 
value of the radius of curvature r of the loaded ball in the contact 
surface (fig. 14) were known. Knowing both r and n, the constant a 
of equation 18 could then be calculated from the diameter of the 
indentation d’ and, in turn, the Brinell number for an ideal rigid 
ball from this constant a. 

Even without knowing n, a rough estimate for r and d’ may be 
obtained for the case of elastic deformation of the ball from Hertz’s 
theory for the contact of two elastic bodies. Such an estimate is 
made below, followed by a consideration of the effect on the Brinell 
number of permanent deformation of the ball. 

(1) Elastic Deformation.— The effect of elastic deformation of the 
ball would be measured by the difference between the Brinell num- 
ber P/A’ obtained for an elastic ball (Bo, fig. 14), and the Brinell 
number P/A obtained for an ideal rigid ball (B,, fig. 14), where A’ 
is the area of the actual surface of contact under load of the elastic 
ball (a b ¢ in fig. 14) and A is the contact area of the ideal rigid 
ball. It is not possible to measure A’ under load. To obtain an 
approximation to A’, it is computed as if it were the area of a spheri- 
cal indentation of diameter d’ with the radius of curvature of the 
ball when not under load; that is, A’ is replaced by A’’, where A’’ 
is the area of the contact surface intersecting the plane of the paper 
in figure 14 in aec. The assumption of A’=A”’ is convenient in 
that the Brinell number P/A’’ corresponding to d’ may be read directly 
from a Brinell table and may be compared with that corresponding to d. 
The error due to this assumption is less than 1 percent, as is shown 
in figure 19 in the appendix 2, p. 95. 

In applying Hertz’s theory it must be remembered that it is not 
strictly applicable to the case of the deformation of the indenting 
ball in the Brinell test for two reasons: 

1. The specimen does not remain elastic during the test. 


i — Congrés International des Méthodes d’Essai des Matériaux de Construction, Paris, 
» 85 (1900). 
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2. The diameter of the contact surface is not, in general, small 
compared to the diameter D of the indenting ball. 

In spite of these limitations, however, the theory forms a useful 
basis for discussion of the effects of changes in ball diameter, load, 
and material of the ball on the Brinell number obtained on a given 
specimen. These effects become most pronounced for the case of 
indentations on very hard materials. This is just the case which is 
more closely approximated by the theory, since the indentation is 
small on hard materials and since the specimen is not as severely de- 
formed as for softer materials. 

According to Hertz’s theory the radius a of the circle of contact is, 
for the special case of elastic contact between a ball and plane, given 


a= 3t6,40), (21) 


P=normal load transmitted by the ball to the plane 
r,=radius of curvature (D/2) of the ball in its unloaded condi- 
tion. 


=F (1—y,”)=elastic constant for the ball 


a (1— pa?) =elastic constant for the plane 
2 


E,=Young’s modulus for the ball. 
E,=Young’s modulus for the plane. 
uy= Poisson’s ratio for the ball. 
u2=Poisson’s ratio for the plane. 


7 


Assuming that a is the radius . of the actual indentation gives 


d*=5Pri(,+6), (22) 


while the diameter of the indentation made by the ideal rigid ball 
(6,=0) would be given by 


P=3Priby (23) 
Substituting this value in equation 22 gives 
73 3 
=d —aPri. (24) 


The Brinell number is obtained by substituting d’ in the Brinell form- 
ula. The corrected Brinell number, which would be obtained with 
an ideal rigid ball, may be obtained by substituting d, computed from 


3% Gesammelte Werke, Barth, Leipzig, 1, 155-196 (1804/95). 
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equation 24 in the Brinell formula. This requires a knowledge of the 
elastic constant 0, of the material of the Brinell ball. The elastic 
constants for some ma- 
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Ficure 16.—Theoretical and observed relations be- USIDE Carboloy fi balls 
tween Brinell numbers obtained with 5-ram balls of ®2d steel balls (fig. 15) 
various materials under 187.5-kg load. and by Mailaender * 


using diamond balls 
and steel balls (fig. 16) have been replotted for comparison with this 
rough theory. Each point in figure 15 represents two determinations 
of the Brinell number on a given specimen, one made with a steel 


“4H, Styri, Metals and Alloys 8, 273-274 (1932). 
i 4 R. Mailaender, Stahl u. Eisen 45, 1769-1773 (1925). 
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ball and the other with a Carboloy ball. In plotting the points a 
corrected Brinell number was assigned to each specimen, on the 
assumption that the curve for the steel ball represented the relation 
between the Brinell number and the corrected Brinell number. An 
additional small correction (discussed later) was applied to take 
account of the permanent deformation of the balls. The trend of 
the points would not be altered significantly if the curve for the 
Carboloy balls had been used instead of that for steel balls. The 
difference between Brinell numbers obtained with Carboloy balls 
and with steel balls on the same specimen shown in figure 15 is the 
distance each solid point lies above the theoretical curve for steel 
balls. In figure 16 the experimental results obtained by Mailaender 
with diamond balls are similarly indicated by a broken line (Mailaen- 
der did not report his individual readings). If the experimental 
results were in agreement with the theory, the points shown in figure 
15 should lie between the two limiting curves for Carboloy balls and 
the broken line in figure 16 should lie between the two limiting 
curves for diamond balls. 

The observed points indicate a smaller difference in the Brinell 
number than this rough theory. The probable reason for this diver- 
gence between the predictions of the elastic theory and actual obser- 
vations is to be sought in the difference between the actual stress 
distribution in the contact area and that assumed in Hertz’s theory. 

This difference in stress distribution has little effect on the defor- 
mation of balls indenting very soft material since the average stresses 
acting on the ball are so small in that case that there is no noticeable 
difference between the deformed shape of, say, a steel ball and a 
diamond ball. As the indentation becomes smaller with harder 
materials the stresses become more severe and a very rigid ball will 
be flattened to a lesser degree than a less rigid ball. 

The distribution of axial compressive stress ¢, over the contact 
area between ball and plane is, according to Hertz, given by 


3P Va?—z? 
=— ——, ’ 
2r a’ 


Gz 


where 

a=radius of the circle of contact as given by equation 21 

z=distance from center of contact area. 
The stress decreases continuously from 1% times the average stress 
at the center to 0 at the edge of the circle of contact. In an actual 
Brinell test the relatively high stresses at the center of the indentation 
will produce yielding, thus distributing the stress more evenly over 
the contact area. The ball will flatten less under an evenly distributed 
load than under the same load concentrated toward the center of the 
contact area. This would lead to smaller differences between the 
diameters of indentations obtained with steel balls and with diamond 
balls than those predicted from Hertz’s theory. As the hardness of 
the specimen increases further the indentation becomes smaller and 
flatter and the stress distribution assumed by Hertz is more nearly 
approached. The difference between theory and experiment should, 
therefore, decrease in going to the harder materials. This is verified 
by the plots of figures 15 and 16. The difference, as shown in figure 
15, between the Brinell numbers reported by Styri™ for a given 


% H. Styri, Metals and Alloys 3, 273-274 (1932). 

















Parenko, Ramberg.) — Determination of the Brinell Number 87 


specimen with a 5-mm Carboloy ball and with a steel ball at 750-kg 
load comes close to that predicted by the theory at a “Carboloy” 
Brinell number of about 800. Figure 16 shows that the same agree- 
ment holds for the comparison of a diamond and a steel ball under 
187.5-kg load at a “‘diamond” Brinell number of about 600. 

Styri’s results for the comparison of steel balls and Carboloy balls 
were checked at the National Bureau of Standards by tests on 10-mm 
balls. These tests will be described in detail later. The five points 
taken from these tests (fig. 15, open circles) fall close to the solid 
points taken from Styri’s tests. ; 

The small correction for the permanent compression of the balls 
is less than 5 in Brinell number for all of Styri’s tests and less than 
20 for the tests made with high-grade balls at the National Bureau 
of Standards. The observed difference in Brinell number on a given 
specimen made with a steel ball and a Carboloy ball was found to 
be as high as 70 in some cases. The differences in elastic deformation 
may, therefore, be several times greater than those caused by per- 
manent deformation of the ball. 

In the case of extremely hard specimens both effects will have to 
be considered, since the elastic theory in itself is not sufficient. 
Nevertheless, theory and tests show that the elastic deformation 
of the ball may lead to large differences in the measured Brinell 
number if balls with sufficiently different elastic properties are used. 
It is, therefore, necessary to specify the material of the ball in quoting 
Brinell numbers above 500. 

(2) Permanent Deformation.—lf the ball deforms permanently dur- 
ing the test the contact area will be flattened even more than in the 
case of elastic deformation, thus increasing still more the effective 
diameter of the ball. This effect produces an appreciable error in 
practical testing with high-grade steel balls only if the Brinell number 
of the specimen exceeds 500. For steels the diameters of the indenta- 
tions increase with increase in ball diameter so that the greater the 
permanent deformation of the ball the lower will be the Brinell 
number computed from the resulting indentation. 

It is important, for practical work, to specify the limits of Brinell 
number of the specimen within which a given Brinell ball may be 
used without introducing an uncertainty, caused by its permanent 
deformation, greater than a certain figure, e. g., 1 percent. 

This problem has been considered by several workers in the field. 

Mailaender ” carried out a comprehensive series of indentation tests 
with 10-mm steel balls of different hardness, indenting specimens 
from 110 to 680 Brinell under 3,000-kg load. The Brinell number of 
the ball, as estimated from the diameter of indentation in bringing 
one ball in contact with the other under 3,000-kg load, varied from 
230 to 720. 
_ Mailaender concluded from these tests that the diameter of the 
indentation remained independent of the Brinell number of the 
ball as long as the latter was at least 1.77 times the Brinell number of 
the specimen. 

Hultgren * made an even more extended series of tests with 10-mm 
steel balls of various hardness under 3,000-kg load. His specimens 


* R. Mailaender, Stahl u. Eisen 45, 1769-1773 (1925). 
* J. Iron and Steel Inst. 110, II, 183-218 (1924). 
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ranged in Brinell number from 506 to 735. Instead of using either 
the Brinell number or the effective radius of curvature of the contact 
area of the ball as independent variable, he used the more easily 
measured shortening or permanent compression of the loaded diam- 
eter after the first test. Hultgren obtained a series of correction 
curves which show, for instance, that a permanent compression of 
0.025 mm in the ball will lower the Brinell number computed from 
the indentation by about 25 and a compression of 0.010 mm by about 5. 
Hultgren used five different makes of steel balls on each of five 
different specimens, four of which were chromium steel, while the 
fifth (specimen V) was high-speed steel. He made five or more 
indentations on each specimen with each make of ball and measured 
the permanent compression and the Brinell number for each inden- 
tation. From these individual values averages of the permanent 
compression of the ball after the first test and of the observed Brinell 
number H were obtained for each specimen and each type of ball. 
A plotof Hultgren’s corrections 
0 Corrections estimated AH=—H.—H against 6, where H, 
tor tuitgren’s tests 18 & Brinell number corrected for 
e Corrections estimated the permanent compression 6 of 
for NBS tests the ball, showed that all Hult- 
pe atin AH=3 (1008)* gren’s points, except those for 
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50 specimen V, grouped themselves 
40 AH | with considerable scatter about 

Pi | a parabola of the type AH=a%’. 
30 ! Obviously the scatter of the 
20 individual points depends on the 


value of this corrected Brinell 
number H,. It was found that 
this scatter could be reduced and 
0 0Q0/ Q02 003 004 that at the same time the points 


Permanent compression of for specimen V could be brought 
into closer agreement with the 


vertical diameter of ball mm remaining points by extrapolat- 


Figure 17.—Estimated corrections in Bri- ing to new values of H, in the 


net a due to permanent deformation following caelinete :; Sameme ae 


the relation AH=aé’ holds for 
each specimen, plot H against # 
for each individual test, and fair a straight line through the plotted 
points. H, will then be the ordinate of the straight line for the ab- 
scissa 5=0. The values of H, so determined were within 5 in Brinell 
number of those estimated by Hultgren, except for specimen V, for 
which 720 was obtained in place of Hultgren’s value of 735. The 
differences AH between the average values of H for each type of ball 
for each specimen and the values H, for each specimen, derived as 
described above, are plotted against 5 as open circles in figure 17, for 
values of 6 less than 0.04 mm. For larger deformations no relations 
even approximately consistent were found between AH and 6. 

The solid points in figure 17 represent the results of a few check 
tests made at the National Bureau of Standards. Steel balls (10 
mm in diameter) of three makes A, B, C, were used in these tests. 
A and B designated ordinary steel Brinell balls, while C designated 
steel balls cold-worked by the Hultgren process. In addition, a num- 
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ber of 10-mm Carboloy balls were used for comparison with steel balls. 
These also gave a further check on the effect of elastic deformation of 
the ball on the Brinell number, which was discussed in the previous 
section. 

The test specimens consisted of five disks of chromium steel 
(SAE 52100) heat treated by the Division of Metallurgy of this 
Bureau to have Brinell numbers ranging from 500 to 700. Four 
indentations with each type of ball, A, B, and C, were made on each 
one of the five disks. A new steel ball was used for each indentation, 
and the diameter of each ball in the direction of loading was measured 
with a Zeiss optimeter before and after test. The permanent com- 
pressions corresponding to the difference of these two readings, to- 
gether with the Brinell numbers corresponding to the observed in- 
dentation diameters, are listed in the first six columns of table 4. 
The last two columns give corresponding results obtained with 
Carboloy balls. Since only two Carboloy balls were available for each 
specimen each ball was used twice; the permanent compression listed 
is that measured after the first indentation. Some of the balls of 
group A showed compressions greater than 0.04 mm. The values 
for these balls (denoted by an “‘a’’) were not included in the averages 
given at the bottom of each group for the reason noted above. 


TaBLE 4.—Results of tests to show effect of deformation of ball on Brinell number 



























































Type of ball A B Cc Carboloy 
Specimen Brinell} Com- | Brinell| Com- | Brinell} Com- | Brinell| Com- 
r num- | pression | num- | pression | num- | pression | num- | pression 
ber of ball ber of ball ber of ball ber of ball 
mm mm mm 

508 0. 0079 512 0. 0025 525 0 
1. He=511 508 . 0071 511 . 0030 4 SNe 
eS ee ee ota r ae 2491 @, 0445 513 . 0030 §21 0033 
510 . 0086 509 . 0025 of SSIS 
APOE odoin Scan tk 509 . 0079 511 . 0028 524 0016 
2 re ea 2 SESE SO Ve, 7 ee Ser 6 Oe Gee | Seen 
Corrected Brinell number.-- tae Ne See 2} eS eee 
582 . 0191 584 . 0102 610 0066 
2 H,=502 590 . 0168 588} .0076] 613 |......_... 
Ee ee eT ee ee 580 . 0175 590 . 0084 610 . 0061 
588 . 0137 593 . 0066 _ | era 
Pee Se a ape 585 . 0168 589 0082 611 0064 
2 TE CSE 2 , 2 AE eR ERENT Sty yaar meee 
Corrected Brinell number--. ee Se OS Ree 
640 . 0231 646 0122 685 0091 
3. He=652 639 . 0234 647 0130 ___ 3 Ca 
ee ee ere sae 639 . 0211 633 0185 678 0084 
636 . 0259 647 - 0119 | | aa 
RUIN cic cEpunisiocwsn 638 . 0234 643 0139 682 0088 
NDE ETS aR ee aa 7 Gf Mearetesed Ta 4 SERS: . f Seeeeee 
Corrected Brinell number... Re _ _9 AOR  « See 
1 =~ . 0203 be 0142 
=@ 7 = 23] | See 
4, He=690_-_-.-.---.------- 672| .0216| 741 0142 
674 . 0224 / CR 
Average. ............. 668 0212} 739 0142 
2 EES 8 PaaS _t, EES I 
Corrected Brinell number... _, 3 Se: -  § 
: = 754 0152 
os 67 ° gree 
§, He= 697. -.....--.------- 673 | :0239| 741 0132 
690 . 0211 WEE Eshkncecuace 
aS ee j 0223 750 0142 
NUNN. aii ocintonelmacc |S een (7D le ER ae 
Corrected Brinell number... TE Narseck casei |) TS | ae 
































“Values not included in average because the deformation of the ball was greater than 0.04 mm. 
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Values for the corrected Brinell numbers H, for the five specimens 
were obtained from the individual test results by fairing a straight 
line through a plot of H versus 6 using the procedure already described 
above in the discussion of Hultgren’s results. The values of AH= 
H.—H corresponding to these corrected Brineil numbers are plotted 
as solid points in figure 17. It is seen that the points fall roughly 
about a common curve with the points computed from Hultgren’s 
data. The scatter of all points increases with increasing compression. 
A large part of this scatter is, no doubt, due to nonuniform response to 
heat treatment. The resulting lack of uniformity may be expected to 
increase with the Brinell number of the specimen and hence with the 
permanent compression produced in a given ball. All of the observed 
results are approximated roughly by the simple empirical formula 


AH=3(1008)?, (26) 


which is shown as a dotted line in figure 17. This formula was used to 
correct the average Brinell numbers listed in table 4. The correc- 
tions are less than 1 percent for Carboloy balls, less than 3 percent for 
steel balls C, but they exceed 5 percent for steel balls B, indenting the 
hardest specimen, and 6 percent for steel balls A. 

The effect of permanent deformation of the Carboloy balls would be 
similar to that of the steel balls, though not necessarily of exactly the 
same magnitude. The Carboloy balls used in the tests were so 
uniform that any difference was masked by the experimental error. 
For that reason the Brinell numbers obtained with the Carboloy balls 
have been corrected by the same formula, 26, used with the steel balls. 

The Brinell numbers obtained with Carboloy balls are in every 
case higher than those obtained with steel balls; this is due primarily 
to the oreater rigidity of Carboloy as compared. to steel (see previous 
section). The correction for permanent deformation of the ball 
reduced the maximum difference in the average Brinell numbers ob- 
tained with the three types of steel balls in every case except speci- 
men 4, in which it increased it from 17 to 22. Much of this scatter 
is, as already mentioned, due to nonuniform response of the specimen 
to heat treatment. 

Figure 17 shows that the error due to permanent deformation of 
the ball is below 5 Brinell numbers for balls showing a permanent 
compression of less than 0.01 mm after the first loading, and below 20 
Brinell numbers for balls showing a permanent compression of less 
than 0.025 mm after the first loading. Table 4 shows that high-grade 
steel balls are available which show permanent sets less than 0.01 mm 
at 500 Brinell and less than 0.025 mm at 700 Brinell. The corre- 
sponding permanent compressions for Carboloy balls were found to 
be even less. 


IV. RECOMMENDATIONS FOR BRINELL TESTING 


It is possible, after having discussed in detail the effect of small 
variations in the several variables that enter into the determination 
of Brinell numbers, to draw up a list of recommendations designed 
to keep the combined error due to these variations down to a small 
figure. Such recommendations may assist in further standardiza- 
tion of the Brinell test and may in that way lead to greater concord- 

















Parenko, Ramberd,) Determination of the Brinell Number 91 


ance between the Brinell numbers obtained by different observers 
using balls of given diameter on specimens of given material. These 
recommendations are based on tests of metal specimens having Brinell 
numbers greater than 70. They may not be sufficient for testing 
metals having Brinell numbers less than 70, such as soft bearing 
metals. 

Grouping the individual factors in the order in which they are dis- 
cussed above gives the following list of recommendations. 


1. APPARATUS AND PROCEDURE 


(a) The loading mechanism should be operated to give a uniform 
rate of loading not exceeding 500 kg/sec. 

(b) The maximum load should be applied for 30 seconds. 

(c) The error in the load applied by the machine should not exceed 
4 percent. This should be checked by periodic calibration with a 
proving ring or other suitable device. 

(d) The calibration of the apparatus used for measuring the diam- 
eter of the indentation should be checked frequently. The maxi- 
mum error in the reading at any point on the scale should not exceed 
0.01 mm. The indentation diameter should be read in two or more 
mutually perpendicular directions. 


2. SPECIMEN 


(a) The Brinell number should be computed from the average of 
diameter readings in at least four equally spaced directions if the in- 
dentation has a noncircular boundary. Care should be taken to 
polish the surface of the specimen to such a finish that the error in 
diameter reading due to tool marks does not exceed 0.01 mm. 

(b) If the indentation is made on a curved specimen the mini- 
mum radius of curvature of the specimen should not be less than 
25mm for a 10-mm ball. The diameter of the indentation should 
be taken as the average of the two principal diameters. 

(c) The specimen should be at least 0.4 in. thick. 

(d) The distance of the center of the indentation from the edge 
of the specimen should be at least three times the diameter of the 
indentation. 

(e) The distance between centers of adjacent indentations should 
be at least three times the diameter of the indentation. 

(f) The angle between the load line and the normal to the speci- 
men should not exceed 2 degrees. 


3. INDENTING BALL 


(a) The difference between the average diameter and the nominal 
(10mm) diameter of the ball should not exceed 0.025 mm (0.001 in.). 
The average diameter should be the average of six or more different 
diameters of the ball. 

(b) The difference between any individual diameter and the aver- 
age diameter of new balls should not exceed 0.025 mm (0.001 in.). 

(c) The material of the indenting ball (e. g. steel, Carboloy, dia- 
mond) must be specified in quoting Brinell numbers greater than 500. 

The permanent compression of the loaded diameter of the ball 
ifter any indentation on a specimen having a Brinell number less 
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than 500 should not exceed 0.01 mm. If, however, steel balls are 
used on specimens having Brinell numbers greater than 500, the 
permanent compression after any indentation should not exceed 
0.025 mm. 

The use of Carboloy balls is recommended for indentations on any 
specimen having a Brinell number greater than 500. 


V. APPENDIX 
1, ERROR IN THE BRINELL NUMBER DUE TO CURVATURE OF SPECIMEN 


PF 3P d\? 

aha 2k (1+ (Z)) (1) 
assumes the surface of indentation to be a section of a sphere of diameter D 
bounded by a circle of diameter d. The surface of intersection between sphere 
and specimen will no longer have a plane boundary if the specimen has two 
different principal radii of curvature R,, R,. Instead of being a circle it will 
be a closed curve roughly elliptical in shape and having two principal axes, one 
of length d; and the other of length d,. The error in the Brinell number assuming 
the equivalent diameter to be equal to 


The Brinell formula: 


a tth (2) 


will be computed below. 
The relative error in the Brinell number due to an error AA in the measure- 
ment of area, is from formula 1 


(3) 


The error in area may, in this case, be written 


AA=A-—As, (4) 
where 
A=area of surface of the sphere embedded in the specimen. 
A;=area of equivalent section of sphere given by equation 1, that is, 


wd; 1 
As="> ds\? 
1t+yi- 3) 


The computation of the relative error AH/H involves the derivation of the three 
quantities A, d,, do. 

The surface of intersection A of a sphere with a specimen having principal 
curvatures of 1/R,; and 1/R, will be computed first. 

Let the origin of coordinates be at the center of the indenting sphere (fig. 18) 
and let any point on the surface of the sphere be described in terms of the latitude 
6 and the longitude ¢. The curve of intersection ABCF of the sphere with the 
specimen may then be expressed as 6;(¢). The surface of indentation A will 
be a portion of a sphere of radius r= D/2 bounded by this curve, i. e., 


(5) 





Qe [i x/2 
= : om we ; : 6 
A de sin 6d) rdé an [ cos 0,)d¢ (6) 


The integration, equation 6, can be carried out if the shape of the curve of 
intersection @;(¢) is known, or more specifically, if cos 6; can be expressed as & 
function of ¢. : 

The curve of intersection 6;(¢) is the locus of points common to the indenting 
spherical surface and the surface of the specimen. It is convenient to describe 
all points on the surface of the specimen in terms of cylindrical coordinates 2, 8, ¢ 
having their origin at the point E at which the load line (fig. 18) intersects the 
surface of the specimen. he z-axis is taken as coinciding with the load line and 
directed into the interior of the specimen, s is the radial coordinate (normal to 
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z) and ¢ is the longitude already used in describing points on the indenting 
sphere. 2, 8, will be points on the surface of the sphere also (see fig. 18) if 


z=er—r cos 6;—r(e—cos 6;). (7) 
s=r sin 6. (8) 


It is assumed in describing the 
surface z (s, ¢) of thespecimen, that 
only a small portion of this surface 
will beindented. Thesurface may 
then be approximated by a sur- 
face of the second degree with 
origin at E having a curvature at 
that point equal to the actual 
curvature of the specimen. This 
surface may be described mathe- 
matically by 


1 
aes, R’ (9) 


where 1/R is the curvature at the 
longitude considered. Thecurva- 
ture at any longitude is related to 
the principal curvatures (1/R, at 
o=0, 1/R, at ¢=x/2) by Euler’s 
equation ** 








2 in2 
Figure 18.—Diagrammatic sketch of intersection 
Solving equations 8, 9, and 10 for between a sphere and a curved surface. 


cos 6; gives 
2 
cos om®| 1a f1—apetp (11 


The negative sign in front of the radical applies here since cos 6; cannot be greater 
than 1 and since R/r is, in general, large compared to 1, while « cannot be greater 
than 1. 

Substituting equation 11 in equation 6 gives the following expression for the 
area of the surface of intersection of sphere and specimen 


Amare f 01 —B(1— 4/12 4%) Jae, (12) 


where the integrand is a known function of ¢ obtained by substituting in it 
equation 10 for 1/R. The resulting expression is not a simple integrable form 
but because 2er/R-+-r?/R? are small it can be expanded in a series and integrated 
term by term. 

It is convenient in carrying out this integration to substitute the ratios 


«= VRik 7 2\R, TR) (13) 
which involve only the known radius r of the indenting sphere and the known 


principal curvatures 1/R,, 1/R, of the specimen. The result of the integration in 
terms of these variables carried out to 5th order terms of «x, y is equal to 


A=2ar*)(1—e) + a—e)[ 34+ 5 e@r-2) * all — 5¢) (2 2) 
— 33 (8-72) (— Fort + Pt) + 3 114 


+214) (oP d+ et) + : .}} (14) 


ee 
* Blaschke, Differentialgeometrie (Springer, Berlin, I, 57, 1921). 
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where er again represents the distance from the center of the indenting sphere to 
(fe point of intersection of the load line with the original surface of the specimen 
g. 18). 
The area A; may be computed next by substituting the average diameter 


d3=2r3=r+12 (15) 


in equation 5. The two principal radii r;, r2, may be derived from equation 11 by 
noting that the diameter 2r; of the indentation in any direction is equal to 


2r;=2r sin 6;=2ry1—cos? 6. (16) 


Cos 6; is given as a function of r/R ande in equation 11. r; and rz; were obtained by 
substituting in equation 16 the values obtained from equation 11, by letting R= 
R,, R=R,, respectively. These values of r;, and r; were inserted in equation 15 to 
obtain d;, and d; was then substituted in equation 5 to obtain A;. The square 
roots in the resulting expression were removed by expansion into a series making 
use of the abbreviations in equation 13. This led to a formula which could be 
subtracted from equation 14 to get the difference between the area A and the as- 
sumed equivalent area A;. The computation, while simple in principle, is cum- 
bersome of execution and is not repeated here. The final expression carried out 
to fifth-order terms of x, y becomes 


1 





AA= 2ar( 5) { 1—2e) (2-8) +50 [(1+ 8e — 15e*) (v3 — yx?) ] 


+ pagl(B+ Se + 282e— 406¢!) 44 — (2+ 6 + 332¢— 47648) 77x 


— (1—2&— 50e* + 70) x4] + 553 {(1—62 — 233e¢ + 244866 
— 2730e) y'+ (2+ 162+ 326e — 3404e° + 3780e*) y°x? 
— (3+102+ 93e — 956e8+ 1050e) yx*]+ .. f (17) 


This expression is not applicable to the case in which half of the ball is embedded 
in the specimen (e=0). This, however, does not seriously detract from its 
usefulness. The diameter of a Brinell indentation does not exceed 70 percent 
of the diameter of the indenting ball in ordinary practice. It is apparent from 
this that «>0.7 in practical work. 

AA must be zero if the indentation is circular, i. e., if R; = Re, as for a plane speci- 
men or a spherical specimen; in that case x=7 in equation 13 and it is seen that 
the right side of equation 17 becomes equal to zero. 

In the particu'ar case of a cylinder of radius R,, «=0 and equation 17 becomes 
1—é2 , 1 — 1 
Se \[a —2¢)¥ +5 (1 + 8e?— 15e) 9 + 7g a(3 + 5e+ 282 





AA= Dar 





— 406) 7+ <1 (1 — Ge? — 233e-4+ 2448e8— 27300) 75+. —— (18) 
32é 








2. ERROR IN THE BRINELL NUMBER DUE TO ERROR IN THE 
COMPUTED CONTACT AREA FOR A GIVEN DIAMETER OF 
INDENTATION 


An error is introduced in the calculation of the Brinell number obtained with 
an elastic ball indenting a specimen to a diameter d’ (fig. 14) by computing it 
from the Brinell formula as if it were a spherical calotte of radius D/2. 

p. 83.) ; 

The error could be computed if the actual radius of curvature r (fig. 14) m 
the contact area of the loaded ball were known. An estimate of r may be obtained 
from Hertz’s theory for the contact of an elastic ball and an elastic plane. The 
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radius of curvature r of the ball in the contact area is, according to Hertz, given by 


0;+ 62 
05 Tr. (1) 


The radius of curvature is doubled, if the contact takes place between a ball and 
a plane of the same material (0;=@2). 

The elastic constant 6. may be eliminated from Hertz’s equation 21, page 84, 
and from equation 1, and the following expression may be obtained for the curva- 
ture 1/r in the contact surface a ‘ 

0; 


rn 16a*"* (2) 





In view of the limitations of Hertz’s theory (p. 83), as applied to this case, it is 
not possible to calculate an exact value of r in figure 14. But it is possible to 
obtain an upper limit to r, and 
hence an upper limit to the differ- 28 
ence between the Brinell number 27 + l00=— 
P/A' and P/A’’ by substituting X 
d'/2 for a in equation 23. The ° 06 
value obtained for r will bean up- ¢ Os 
per limit because the substitution $s . 
of d’/2 for a is equivalent to the ogg 
replacement of the plastically dee 2%” 
formed specimen by an elastically § @3 
deformed specimen giving an in- 


dentation of the same diameter. 02 
It was shown on page 86 that Ol 
the ball indenting a plastic speci- , H 





men will be deformed less than 


the same ball indenting an elastic . 200 400 600 800 1000 


specimen to the same indentation 


diameter. Hence the radius of Rrinell nurnber 

curvature will be less in the first Figure 19.— Upper limit to correction in Bri- 
case than in the second. For a nell number due to error in the computed 
10-mm steel ball under 3,000-kg contact area for a given indentation diameter. 


load (1=5 mm, P=3,000 kg, 
E,=2.1 104 kg/mm?,u,=0.25) equation 2 above becomes 


en 
-=0.2—-—3 





mm-!- 


The average axial stress over the contact surface (equal to the corrected Brinell 
number) will then be obtained from the Brinell equation 1 by substituting in it 
D=2r instead of D=10 mm. The error in the Brinell number can be computed 
by subtracting the Brinell number given by the tables from that just computed. 
Figure 19 shows the result of such a computation. The increase in the Brinell 
number computed on the assumption of a rigid 10-mm ball which would take 
account of this change in curvature, is found to be small; it ranges from 0.46 
to 0.77 percent as the Brinell number is increased from 100 to 900. The actual 
percentage difference between P/A’ and P/A’’ is even less since the actual 
diminution in curvature of the ball must be less than that assumed in the deriva- 
tion of figure 19. 


WasuinetTon, March 26, 1936. 
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OXIDATION OF WOOL: PHOTOCHEMICAL OXIDATION? 
By Arthur L. Smith and Milton Harris ? - 


ABSTRACT 


The photochemical decomposition of wool has been investigated. The deter- 
ioration, as evidenced by the decrease in cystine content and the increase in 
alkali-solubility, ammonia nitrogen, and sulfate sulfur, is accelerated by acids 
and decelerated by alkalies. The extent to which wool is degraded during irradia- 
tion is directly proportional to the decrease in cystine content and to the increase 
in alkali-solubility. 

The sulfur content of untreated and of acid-treated wool decreased during 
irradiation. The data suggest that a portion of the sulfur in wool is converted to 
hydrogen sulfide, some of which is subsequently oxidized to sulfuric acid. 
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I. INTRODUCTION 


The photochemical decomposition of proteins, carbohydrates, fats 
and many nitrogenous substances is an oxidation process which is 
accelerated by acids and decelerated by alkalies [1, 2, 3, 4, 5, 6, 7].° 
In the case of proteins and other nitrogenous materials, this oxidation 
process is generally accompanied by the cleavage of ammonia [2, 3, 4]. 
In earlier studies on the photochemical decomposition of silk [1, 2], 
it was shown that the amount of this ammonia is a measure of the 
extent to which silk is damaged by exposure to light [1, 2]. 

Wool, which is relatively more stable to light than silk [8], is also 
oxidized during irradiation. The reaction, however, appears to be 
of a somewhat different nature, owing to the inherent differences in 
chemical constitution of the two proteins. The chief point of attack 
appears to be the disulfide group of the amino acid, cystine, which is 
present in wool but not in silk. This group is readily attacked by 
oxidizing agents and becomes more susceptible to the action of alkalies 
9, 10]. The extent to which the wool is oxidized bears a functional 
relationship to the decrease in its cystine content and to the increase 
in the alkali-solubility of wool. 

_The present investigation was undertaken to extend our observa- 
tions on reactions involving the disulfide group in:wool and to deter- 
mine the effect of irradiation on the sulfur and nitrogen in wool protein. 





! This is the third paper of a series on studies relating to the oxidation of wool. 
Research associates at the National Bureau of Standards representing the American Association of 
Textile Chemists and Colorists. 
this oo numbers in brackets here and elsewhere in the text refer to the numbered references at the end of 
per. 
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II. MATERIALS AND METHODS 


The wool used in these experiments was worsted top and worsted 
yarn, each of which had been purified by extraction with alcohol 
and ether and finally washed with distilled water. The wool was 
placed in thin layers on cardboard strips and held in place by clips 
at each end. The samples were exposed to the radiation of a glass- 
enclosed carbon arc ‘ for definite periods of time. The distance from 
the axis of the arc to the wool was 10 inches. 

The alkali-solubility was determined by a method previously 
described [9], the cystine content by the Sullivan method [11], the 
sulfate sulfur by the method of Mease [12] and the sulfuric acid by 
the pyridine method [13]. Ammonia nitrogen was determined by 
measuring that portion of the nitrogen which is liberated when the 
wool is boiled in a saturated solution of magnesium oxide. All data 
are calculated on the basis of the dry weight of the wool. 


III. RESULTS AND DISCUSSION 


The effect on worsted top wool of exposure to the radiation for 
different lengths of time up to 100 hours is shown in table 1. The 
alkali-solubility, ammonia nitrogen and sulfate sulfur increase and 
the cystine content decreases with increasing time of exposure. The 
values in the last two columns of table 1 are of special interest since 
they not only show that sulfuric acid is formed during exposure, but 
also that practically all the sulfate in the exposed wool is in the form 
of sulfuric acid. The formation of acid in irradiated wool has been 
previously noted or suggested by several investigators [14, 15, 16, 17] 
but only Von Bergen [18] actually demonstrated the presence of 
sulfuric acid. 


TaBLe 1.—Effect on wool top of exposure to the radiation from a glass-enclosed 
carbon arc for different lengths of time 





Duration of} Alkali-solu- Ammonia Sulfate Sulfuric 


Sample exposure bility Cystine nitrogen sulfur acid sulfur 





br % 

0 12.2 
5 11.9 
15 i 11.1 
30 4 10.4 
50 . 8.6 

100 7.9 























In figure 1, the increase in the alkali-solubility is shown to be di- 
rectly proportional to the decrease in the cystine content. While 
previous work [10, 11] indicated a relationship, this is the first case in 
which it was found to be linear. 

The effect of acid and alkali on the photochemical deterioration of 
wool was also investigated. Six-gram samples of wool yarn were 
soaked in 0.1 N solutions of hydrochloric acid and in sodium carbonate 
solutions of the same strength for 15 minutes at room temperature, 
centrifuged, and dried in an atmosphere of 65-percent relative hu- 
midity at a temperature of 70° F. Samples of untreated and of acid- 


4 Fade-Ometer, type F.D.A., Atlas Electric Devices Co., Chicago, Ill. 
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and alkali-treated yarns were exposed to the radiation for 100 hours. 
The effect of the exposures is shown in table 2. The deterioration of 
the wool, as shown by the decrease in the cystine content and the 
increase in the alkali-solubility and the ammonia nitrogen content, 
is greater in the acid-treated and less in the alkali-treated samples 
than in the untreated samples. 


TABLE 2.—Effect on untreated, acid-treated, and alkali-treated wool of exposure to the 
radiation from a glass-enclosed carbon arc for 100 hours } 





Total sulfur : 
after pyri- | Sulfate | Sulfuric | Gystine 
dine ex- sulfur acid sul- sulfur 

traction 


” Alkali- 
solubil- 
ity 


Ammonia 


Treatment nitrogen 





) Ne % mg/g 
Untreated and unexposed --- X § 5 . 40 11.6 0. 36 
Untreated and exposed q ‘ ‘ ‘ 9 53.0 1.65 
0.1. N hydrochloric acid__---- 3 i . 66 7.8 
b ; ‘ . 2 7.7 


6 2. 24 
0.1 N sodium carbonate 1 4 


1, 48 


























1 These exposures were made on a different Fade-Ometer and the results of these experiments are not 
strictly comparable with those recorded in table 1. 
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Ficure 1.—Relationship between the cystine content and the alkali-solubility of wool 
exposed to the radiation from a glass-enclosed carbon arc. 





The figures on the curve represent the duration of exposure, in hours. 


The total sulfur content of the untreated and the acid-treated sam- 
ples decreased during exposure. This suggests the possibility that 
radiation converts a portion of the sulfur in wool to a volatile form, 
for example, hydrogen sulfide. Hydrogen sulfide is readily oxidized 
to sulfuric acid, which would account for the comparative ease with 
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which some of the disulfide sulfur in wool is converted to sulfate 
sulfur. In view of the great difficulty with which even small amounts 
of sulfur in wool are oxidized to sulfate by oxidizing reagents [19, 20], 
the ease of oxidation of sulfur to sulfate by irradiation cannot be em- 
phasized too strongly. It should be noted that while the total sulfur 
and sulfate sulfur contents of the alkali-treated sample are higher 
than those of the acid-treated sample, the total sulfur after extraction 
of the wool with pyridine is the same for both samples. These results 
are also readily explained on the assumption that hydrogen sulfide is 
formed as an intermediate product. It is obvious that the hydrogen 
sulfide would be volatile in the presence of acids but would react with 
alkali to form a nonvolatile compound. 

The experimental results reported in this paper indicate that 
although the photochemical decomposition of wool involves an oxida- 
tion reaction, the mechanism of the reaction is very different from that 
of such oxidizing reagents as hydrogen peroxide.’ Further evidence 
supporting this is obtained by subjecting the exposed samples to the 
lead acetate test, described by the authors elsewhere [20]. The 
irradiated samples all gave strong positive reactions, indicating the 
presence of sulfide sulfur. Since it has previously been shown that 
the lead acetate test is negative when the sulfur is partially oxidized 
(for example by hydrogen peroxide to a sulfoxide or sulfone) and 
positive when sulfide sulfur is present, the results of the test clearly 
demonstrate the existence of at least two mechanisms for the oxida- 
tion of sulfur in wool. 



















The authors express their appreciation to G. E. Hopkins, Bigelow- 
Sanford Carpet Co., Inc., for furnishing a number of the light-exposed 
samples of wool used in this work. 






IV. REFERENCES 


[Bracketed numbers are citations corresponding to references in brackets in the text] 










1] J. Research NBS 7, 1179 (1931) RP395. 
2] J. Research NBS 13, 151 (1934) RP697. 
3] J. Phys. Chem. 32, 1,263 (1928). 
4] Biochem. Z. 239, 250 (1931). 
[5] Fabrics Coordinating Research Dept. Sci. Ind. Res. First Rep. 10 (1926). 
6] Fabrics Coordinating Research Dept. Sci. Ind. Res. Second Rep. 95 (1930). 
7] Wyoming Agr. Exp. Sta. Bus. 131 (1922). 
8] Textile World 74, 159 (1928). 
9] J. Researeh NBS 15, 63 (1935) RP810. 
10] J. Research NBS 16, 301 (1936) RP875. 
11] Public Health Rep. 86 (1930). 
12] J. Research NBS 13, 617 (1934) RP731. 
13] J. Textile Inst. 26, T87 (1935). 
14] Chimica Industria (Italy) 17, 82 (1935). 
15] Compt. Rend. 183, 596 (1926). 
16] Textile Argus 7, 753 (1930). 
17] J. Textile Inst. 27, T25 (1936). 
18] Melliand Textile Monthly 2, 9 (1930). 
19] J. Biol. Chem. 110, 343 (1935). 
20] J. Research NBS 16, 309 (1936) RP876. 












WasHIneToN, May 16, 1936. 


’ The available data do not warrant suggesting at this time a specific mechanism for the action of light 
on the cystine in wool. Experiments now in progress indicate that the first step is a splitting of the disul- 
fide group, accompanied by the liberation of hydrogen sulfide, whereas in oxidation with hydrogen peroxide 
intermediate products of the sulfoxide, sulfone, etc., types are formed. 
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ABSTRACT 


In certain precise measurements of electrolytic resistance of solutions, the 
platinum electrodes are necessarily very thin so that one cannot neglect the 
drop of potential in them. Formulas are obtained for this drop in the case of 
two types of cylindrical cells, one in which the current is axial, the other partly 
axial and partly radial. The potential admits of accurate evaluation in the 
first case and the results obtained confirm the method outlined for the treatment 
of a general shape of cell. 
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I. INTRODUCTION 


In work during 1915-16 in connection with the examination of 
various sources of error in the equipment and technique then in 
use for measuring the conductivity of solutions and to develop pre- 
cision methods and apparatus therefor, Taylor, Bennett, and Acree ' 
studied a number of important electrical and chemical factors. One 
of these subjects was the proper design of the metal electrodes and 
the glass containing vessels. 

In connection with this last item the above authors noted small 
deviations in the apparent resistance of solutions surrounding closely 
spaced disk electrodes 0.1 mm thick and 5 cm in diameter, depending 
on whether the current entered the disk through a post welded at the 
center or through this post and three others 120° apart at the edge of 
the disk. Because of possible corresponding variations in the dis- 
tribution of the current through the electrodes and solution, and 
of the electrode phenomena and capacitance over the electrode surface, 
the above authors desired equations set up for the resistance of typical 
disk and cylindrical cup electrodes used in their work. With the 
magnitude of this small factor known accurately for stated conditions 
it is possible to determine separately the resistance of the solution 


J, Am. Chem. Soc. 38, 2396, 2403, 2415 (1916). 
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and the effects of the series capacitance at the electrode surfaces, 
With this object in view, the following treatment of the resistance 
of the metal electrodes themselves is presented. 

The total current J (¢) sent through an electrolytic cell when an 
emf EF (t) is applied to it by means of electrodes is, in general, given 
to a first approximation by assuming that the current distribution 
throughout the electrodes and solution at every instant ¢ is that 
which would be produced (ultimately) by a constant emf having this 
instantaneous value E (¢), that is, the quasi-stationary state. Let V® 
be the potential of this first approximation in the electrodes or solution. 
The vector current density 7®——dAvyV° where the conductivity 
\ has the value X, in the electrodes and \, in the solution. At the 
contact surfaces S,; and S, of electrodes with the solution this potential 
V° is continuous and the normal component 7,° of the current density 
is continuous. The constant contact potential difference between 
solution and metal is here ignored since it cancels out of the equations 
connecting current and applied emf when the electrodes are both of 
the same material and possess the same surface characteristics. 
Since the current density is solenoidal, the potential V° satisfies 
Laplace’s equation, and for given shape of the solution volume 7, and 
electrode volumes 7, and 7; is determined by the above boundary 
conditions at the internal boundaries S, and S,, together with the 
vanishing of the normal current at the external boundaries and the 
assignment of V° or the normal current densities at the entrance 
section Sp; and exit section S,2, where the current is led into or out of 
the electrodes by the lead-wires. This first approximation is never 
sufficiently accurate to represent the results of experiments, but if the 
applied emf is sufficiently small these may be generally very accurately 
represented by assuming the existence of a polarization film of very 
small thickness A near the contact surfaces S, and S,. This elec- 
trical double-layer, which is equivalent to a capacitance per unit area 


k= rr (e being the dielectric constant in the film), seems to be the 


predominant electrostatic effect, so that any simple distribution of 
charge on S, or S:, or on the external boundaries, is negligible com- 
pared to it. This constitutes a condenser K, at S,, Ke at S., and the 
two being in series amount to a condenser K where 


ee SE Se ee ps 
K,=kS,, K2=kS:, and roktEe sts) where k=7 5 (1) 


If X, is the conductivity of the film, the first condenser has an internal 
resistance R,,; which amounts to a’shunt on it and the second Rp», 
their resistance in series being Ry, where 


A A Afi: 4 
Fra=\ 5" Foa=\G and Ry=Rut Ba=<(5 +x) (2) 


so that 





re ee ee (3) 
oo 4 bh aon ao 
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The values of these electrolytic capacities, as evaluated by experi- 
ments,” are so large as to indicate that the film thickness A is exceed- 
ingly small compared to the thickness attainable in mica condensers 
or air condensers, so that the capacity & per unit area is enormous. 
Even when there is very little evidence of the film, we may adhere to 
this view that A is very small by assuming that the film conductivity 
\) practically short-circuits the condenser. This viewpoint then leads 
to the second approximation, which is generally sufficient to fit the 
most accurate measurements. It consists merely in viewing the cell 
as a leaky * condenser (i.e., K shunted by R,) in series with the resist- 
ance R,+R.+R.e of solution and electrodes to the whole of which 
the emf E(t) is applied. The current J(¢) is then determined by the 
equation (where Q is the total charge on K) 


(Dit gR)e=1 (4a) 
E=24@,4R,)1, where R,=Ra+Ra (4b) 


Kk 


with the initial conditions E=J=0 when t<t,, so that Q=0 when 
t=t,+0. 

A justification, or rather formulation, of this assumption for the 
general case is made in the following section. Later a case is treated 
which is capable of a more accurate solution and this serves to con- 
firm the assumption that the second approximation thus outlined is 
generally sufficient. The elimination of Q between (4a) and (4b) 


gives 
1 1 1 1 E 
Hatem Re y-Otee ere, 
so that 
I(t) : | 20 ; [x Ye Gitar)" d for t>t 
Tawar. ow cialis i ' 
R,+R, R+R)K d T (sb) 


In case the emf is simply periodic, E (t)=real part of Eye*** and when 
transients have died out, J is R, Ie“, where the complex constant 
I, is given by 


I= Ey 





Ry 
R,+R.+ RRR, 


II. OUTLINE OF METHOD IN GENERAL 


The vector current density 7 is given at all points by i=—AvV, 


where \=}, in 7; and J, and A=), in 7, gn) 
Since i is everywhere solenoidal, V must, at every instant, satisfy 
v?V=0 in 7, 72, and T, (7) 


_ 


‘Taylor, Bennett, and Acree J. Am. Chem. Soc. 38 2408, 2427 (1916). 
‘Taylor, Bennett, and Acree J. Am. Chem Soc. 38 2408, 2415 (1916). 
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The boundary conditions at the small plane entrance-section S,, 
(fig. 1) and the small plane exit section S,., may be taken as 


2 


V 





(uniform) over So, (8a) 


V= — $9 (uniform) over Soo (8b) 


In some cases, however, it is just as near the truth, and more con- 
venient, to take instead of these, the boundary conditions 


: I ; E . 
tom => (uniform) over So, and V= > at some point on outer edge 


N01 2 
of So, (8a’) 
(ona = (uniform) over S)2. and v= at some point on outer edge 
702 _ 
of S’ oe (8b’) 





Figure 1.—Electrolytic cell. 
Volumes 7; and 7; are electrodes and volume 7’, the solution. 


The boundary conditions at the internal boundaries S; and S, are 


tn, 18 continuous at S, (9a) 
tng is continuous at S, (9b) 
and 
tn, 4A, 
(Dit) (Va- Va) = = in at S, (108) 
' ing 40, 
(D.i+1)(Va—Va) =F2= — ing at S, (10b) 


and finally, 
in=0 at all external boundaries of 7;, T2, and T, (11) 


The surface density of charge o; on the element dS, of the condenser 
ky (at the point P; of fig. 1) is 


o=k(V.,— Vai) (12a) 
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where V,; is the potential at P¢ in the electrode and V,, at P: in the 
solution. The conservation of electricity is represented by the 
equation 

(Dit) o1=%n, (13a) 


From the two latter equations, the boundary condition (10a) is 
derived. Equation 10b is similarly a consequence of 


o2=k(V2— V2) (12b) 
(D+-¥)¢2=%tny (13b) 


The sense of the conditions (9) is that 7,, at Pi=i,, at Pj= 


normal current density in the solution beyond the film which, of 
course, is considered to be of no thickness at all so far as we are con- 
cerned with the determination of the potential distribution outside 
it. If Q, and Q, are the total charges on condensers K, and K2, then 


an ={ [aas, and Q. =| [oas, 
Si S2 
f J ind, = [ J i,,d8,=1 
1 


Let Ta=z { J VadS,;=average over S; of the electrode potential 
1 
S; 
and V=the average over S; of the solution potential and similarly 


let Viz and Vee denote averages over S,. Then by integration of (12) 
and (13) over the respective surface S,; and S; we obtain, by use of (1) 


and 


and 


Q:=Ki(Va— Va) (14a) 
(D+) QI (15a) 
and 
Q.=K2(V;,— V.,) (14b) 
(DityQ=I (15b) 


From (15a) and (15b) we obtain (D,+~7) (Q:—Q:)=0. We assume 
that E (t) (and hence J (ft), Q,, and Q,) is always finite, but that ZH 
and hence also I may be discontinuous at certain instants and that 
E=0 if—o<t<t,, so that Q.=Q.=/=0 if t<t,. But the last 
equation gives Q,—Q,=Ce- when t>+t,, while (15a) and (15b) show 
that Q,(t,+0)=@,(t,+0)=0 so that C=:0, and we obtain 

Q.=Q and Si(Va— Vir) =S2(V2—Ve) at all times. (16) 
Let Q=-Q,=Q.. Then by (16) the two equations 15 are identical 
and may be written (by use of 3) 


(D+ pp )e=t (which is the equation 4a) (17) 
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Also, by dividing (14a) by K, and (14b) by K; and adding, we find, 
by use of (1) 


<— Vii—Va+Va—Ve2 which may be written 


E= g+ (Va—V,a) +(F ~ Va)+(Vat5) (18) 


The first approximation V° for the potential distribution is deter- 
mined by placing A=0 in the second members of the two boundary 
conditions (10). The initial condition used in deriving (16) then 
shows in similar fashion that the conditions (10), reduce merely to 


the requirement of continuity of V° at S, and S, so that 5 a is a func- 


tion of z, y, z only throughout the compound conductor 7,+ 7,-+-T,, 
which represents the potential distribution when it carries unit steady 
current. When V° is found one may compute the total resistance R 
of this compound conductor so that R will be a known function of 
d,, A, and the linear dimensions entering into the description of this 
compound conductor. In case R comes out as the sum of two func- 
tions in one of which only the conductivity, \,, appears, and only ), 
in the other, the first could be called the solution resistance R,, the 
second the resistance R, of the two electrodes. In general, d, and }, 
will be so involved in the expression for & that in order to resolve it 
into R=R,+Ra+Re we must adopt some arbitrary definitions of 
these resistances. 

Since = is the potential at some chosen point on the edge of the 
entrance surface Sp, and == its value at some part on the edge of 


So, we define arbitrarily 
ey V,, Va +e 


R,= ’ Ru wee Bite and Ra weir aeg>* (19a) 


V,, uA V°. 
I 


so that since V®.,— V°.;= V°s— V°2=0 


7=RB,+Ra +Re =R (19b) 


When the first approximation V° for the potential has been found 
the use of V° for V in computing the mean potential drops in the 
second member of (18) gives 


E =24 (R,+2,)I, where R,=Rat+Ra, (20) 
which is equation 4b, so that (17) and (20) give the second approxi- 
mation to the current, which is generally sufficient. 

The conclusions so far are based merely upon the smallness of A. 
Butjthe exact evaluation of the potential V° which is necessary to 
determine £ is in general difficult. There is, however, another con- 
sideration equally important which results in a further simplification 
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in the evaluation of V°. The metallic conductivity \, is so large in 
comparison with that \, of the solution that the principal part of th 

potential V$ in the solution (say V?’), may be obtained by assuming 
that the contact surfaces S; and S, are equipotential surfaces. This 
assumption determines the principal part of R, by (19a) (say R,) 
and also the principal parts say 72{, 72, of the normal components 
of current 22, and 72,at S,;and S,. The principal part of the potential 
in the electrodes is then determined by making 1,;=7%; at S,, etc., 
together with the remaining boundary conditions. Then using (19), 
the principal part of the electrode resistance R,, say R’, is found, 


Since R; is proportional to ~ and R‘ to + it is evident that R‘ is 
é 8 
so small relatively that no further modification of it will be necessary. 
Neither will it be necessary to go further with the evaluation of R,, 
for any further terms would be of the order of i as will be seen in 
(4 


section IIT. 
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Figure 2.—Section of a cylindrical shell by an azial plane. 


It should be noted that the electrode resistances thus defined are 
quite different from what would be obtained by evaluating the 
potential distribution in the electrodes on the assumption that S, 
and S, are equipotential surfaces. Such a boundary condition, 
while sufficient for the determination of the potential in the solution 
and its resistance R,, is not applicable for determining electrode 
potentials. It is shown in section II] that the electrode resistances 
obtained in this way are not even approximately correct. 


III. CYLINDRICAL CELL WITH THIN DISK ELECTRODES— 
CURRENT IN AXIAL DIRECTION 


Figure 2 represents a section by a plane through the z axis of a 
cylindrical cell which has as electrodes circular plates of radius a. 
The part —l<z< is filled with an electrolyte. The plates of thick- 
ness h, for —l—h<ca<c —l and l<x<l+A are circular disks of platinum 
very thin, say h=0.02 cm. The current J(¢) enters along a thin 
lead-in wire of radius b coaxial with the z axis, so that the potential 
V, either in the case of steady currents or variable with time, does 
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not depend upon the cylindrical coordinate 6, but only on the cy- 
lindrical coordinates z andr and the timet. As ‘explained i in equations 


1 to 4 
ran ea? 


~ 8A 
A 2A 
7a Xo 1a" Xo 


The boundary condition at the extreme left, where the current enters 
through the wire of small radius } (of the same order as A), will be 
taken 


K,=K,.=1a*k so that K= 
(21) 


Ro =Ru= so that R,= — 


iz(—l—h, r, y=" =) when 0=r<b (22a) 


=0 when bd<r<a 
At the extreme right 


ifehs Ba 10 when 0=r<b 


=0 when b<r<a 
On all convex cylindrical boundaries there is the condition 
i,(z, a, t)=0 for —l—h<iz<l+h (23) 

The continuity of 2, at the internal boundaries S, and S, gives the 
conditions 

iz(—l+0, r, t)=2,(—l—0, r, #)(=7,(—l, r, )---.0O=r<a (24a) 

i,(l+0, r, t)=7,(l—0, r, t)(=7,(l, r, 6) 0O=r<a_ (24b) 
Finally there are the conditions (5) at these internal boundaries 
(D:+-7)1=i:(—l, r, t), where o,(r, t)=k[V(—l—0)—V(—I+0)] (25a) 
(D+) o2=12(1, r, t), where o2(r, t) =k[V(l—0) —V(I+-0)] (25b) 


Since V will be an odd function of z, this brings about a simplifi- 
cation in that o, becomes equal to o,, and when one of the pair of 
equations 22, 24, or 25 is satisfied, the other will also be true. 

For constructing the potential V we have the following type of 
particular solution of Laplace’s equation 


V= (A sinh “+B cosh 2) 7(<), where J is Bessel’s function, 


the other solution of Bessel’s equation being ruled out by the require- 
ment of finiteness on the z-axis, where r=0. 


Since D, J( =) =—25( the boundary condition (20) requires 


that a be a solution of the equation 
J;(a)=0 (26) 
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In what follows we use a, to denote the nth positive root of this 
equation, of which there are an infinite number. We require the use 
of Dini’s theorem for the development of a function of z, say f (z), 





for the range 0 <<. z=1, where f. ft (x)dx converges absolutely 
0 





$a) =¢0+ SyouTo( ant), (27) 


where 
nt tcleadiic tes ; 
co=2 [ afla)de and oo 73 Jf Odo aati for n>0 
When the function has a finite discontinuity at z=), the sum of this 
series is 3 $00) +4%—0) | 


As a special case of (27) we need the following development of the 
discontinuous function of r occurring in (22) 











and 
TO), 42 20S“ oe (ae )n3 =. a if O=r<b 
47 cindy (On) 
— NET Nae ee if b<r=a 
=50, ....ifr=b (28) 


If E (¢) is the difference of potential applied to the cell, i. e., between 
the wire surfaces where they touch the electrodes, then 


E(t)=V(—l—A, b, t) —V([+A, }, t) (29) 
It is evident that the potential in the three regions 7;, 7,, and 7), 


must then have the following form 





Via, 1, ) =5E()— I(t) 4p 


2 sol t)fons(2)a(et)-om ge ()] ,, 


whol ay? sinh (#2) J,#(a,) 











T(t) | cosh © —"(2+I+h)Jo (22")— i. (2) | 
i >) a, sinh (2=*) 


when —l—h<z<—l 






Journal of Research of the National Bureau of Standards _{val.1 


" al) sade: I,,(t) sinh inh (4 2. (*#) 
wad, war, _) am cosh a(=) Jo a 


n=1 























when —l<r<l 














=—3E() +1) oe 
E (2) as ) Jo (22°) cosh —*(z— Dd ( )| 
mb > » sinh (= *) Stas) 
ix I,(0) cosh % —(x—l—h) Jy (a) Ji ‘es! 
and, Ses a, sinh (c= = 





when l<z<l+h 


From this, the z component of current density is 


a pte), _20 =, sinh (r+) a) f 
q —_ On sinh( as). Jy (an) | 








I, (t) sinh | (a+l+h) 


ra : a,» 
n=1 sinh (=) 





J( 22) when —l—h<ir< —I 





I(t 2% 1 cosh ( $=" *) - 
. atte), -Jo( 2") when —l<2z<l 
onl cosh (%*) 


T(t) 42 . yee r— Da “a Jn“) 


me 
ma Ap sinh (“* at (ap) 





Q,r 


as I, (t) sinh “* (¢—l— Wa) l<a2<i+h. 


2 
a 
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Obviously (30) is a solution of (7) satisfying the condition (23) by 
reason Of (26) and also the conditions (24). From (31) we find 


in, 7, )=i,(—1, 1, N= a?) TA)Jo(S2). (82) 





Also, the equation 31 shows by reference to (28) that the conditions 
(22) are also satisfied. Hence, all but the last conditions (25) are 
satisfied without placing any restrictions upon the coefficients I(t). 
The first approximation V° will only differ from the more precise 
potential V by the manner in which we choose these coefficients J,. 











We introduce the abbreviations for n=1, 2,3, ———_ » 
nd 
Rae Bo: (=) 
it TAN, . ant) (33a) 
An 
a 
b 
J(% 
=— (33b) 





Fhe a ia) eink (=*) 


iK= a's) S)+*¢ oth (<-*) (33c) 
== a+), Pn cosh (%" at) J (22°) (33d) 


n=1 








Then from (30) we find 


1 1 


_ 4: coth wo (2) (34a) 


= I 
TJo (*=*) teh — 
Va=V(—1+9, r, N= rom. 3 a a (34b) 


TAX; 1 An 











so that 

¥.—V, 4) reba) dL SY nel —22| (240 
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Va=— a and V.z=— el 
73059—36——8 
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so that 


(35) 


















1-3 S ‘nl, (36) 





Now the first approximation V° to the potential distribution is that 
determined by replacing the boundary conditions (25) by the mere 
requirement of continuity of V° at the internal boundaries S; and §,, 






































This, by (34c) would require that we choose the coefficient I, AS I 
I,=F=kf»,f° (37) . 
which, being used in (36), give . 
ry el 
7 =R,,=Ra= 4 ed TnPnBn 2 
R 
so that the total electrode resistance is 
V 
: a 2h b ti 
R.=R!—K) rapsba= = - a ). @ 
1 gi 
cosh (*=*)—- ja 
2, sia (2 Yl ta ah 2 (ee oath (2=*) (38) Fm 
a an 
- a,b the 
2h ions Iho“) i 
oe T O,'Jo?(a,) sinh Co) ele 
ph aalt wh 
cos fac 
sinh ($°) tanh (re. oth (%5°) | 
by 
find 
On neglecting terms in i this becomes 
: Onb\ 7 (ond 
2h 4 Jo a )an( a ) 
R.=Ty aby Oph . 
TNL ah J3(aq) sith (%2*) whi 
a are 
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On neglecting terms in a this becomes 
é 


2. Tr ae) J, 


hs 4 
2 
TOs © TOL 2J2(cq) tan ( 


which does not involve the conductivity \, of the solution, and is a 
function of the linear dimensions h, a, and 6 of the electrodes only. 


R.=2B,'’= (38’’) 








Equation 35 gives R,= 7 =resistance of the solution. (39) 

3 
If what we have called the second approximation to the current is 
sufficient, then (38”) and (39) give the total resistance R=R,+R’, 
to be used in equation 4b. Equations 38 and 39 give the exact 
values of R, and R, defined by (19a) for they are derived from an 
exact evaluation of V°. Since, however, (38”) differs from (39) by 


terms of the order - the results here obtained confirm the statements 
é 
made after equation 20 as to the approximate method of evaluating 
/ 


To illustrate the general mode of the approximate evaluation of 
V°, we note that the approximate potential distribution in the solu- 
tion, based on the assumption that the contact surfaces S, and 8, 
are equipotential surfaces, is given by taking J,=0 as shown by 
(34b). Whatever value we take for J,, the solution resistance is 
given by (39). The evaluation of the potential distribution through- 
out the electrodes, however, is made by assuming that the normal 
current there is continuous with that ope ag yee 3 to this approxi- 
mate potential in the solution, so that with J,=0, the surfaces S, 
and S, are not equipotential, as shown by (34a). The value J,=0 
then leads to R,=R’, by (36), as predicted in section II. 

It is worth while to illustrate at this point the misconception that 
might arise from calling the resistance R,, as defined in (19), the 


electrode resistance. That = i is not the resistance of one electrode 


when the contact surface, say ” 53 is equipotential is evident from the 
fact that to make S; equipotential (on the electrode side) we must, 


by equation 34a, take J,=J Toh Pam, tanh (#) i in which case we 


fred D5) 


which would give for the resistance of the electrodes, when S, and S, 
are equipotential surfaces 


wont pos cosh (3°) — won (@) 
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which is not even an approximation to the value R, when = is small, 


The present problem admits of an exact formulation of the current 
I(t) produced by an arbitrary emf E from which it is easy to derive a 
third approximation. This enables one to estimate the degree of 
validity of the second approximation. 

By (25) and (34c) we find 


2 ‘ 
ree = E— (R,+R)I+ direlet ) JA 2") Prl — ok (40) 
i I 


Since the total charge Q=2 rodr this gives 
0 


E=$+ B+ R)I—) rh 
1 


so that equation 40 may be written 


wtelect =0+K)" J( 2) | pel ix | (42) 


The boundary equation 25, which must be satisfied for all values of 
r in the exact solution, may be written by reference to (32) 


(Dit) naro(r, )=1+) Teh (22) (43) 
1 


Introducing into this the expression (42) for o gives on equating 


corresponding coefficients of J (*:"), the relations 


(D.+7)Q=I (which is merely equation 4a) 
and 


(Dit7+ Bn) In=Kpnba(Di+7) I for n=1, 2, 3, 
The integral of (44) is 

Qi) = [ Tor)e-r*-Pdr for tt (46) 
and the integral of (45) is 


I, (t) = KBnppl (t) —Kp.'on | I(r)e~ to Ody for t>t — (47) 


With these values of ? and J, the equation 41 becomes the following 
integral equation of Volterra’s type to determine I (¢) for t>4,. 


(R,+R,)e"I (t) +f ev E(r).N(t—1)dr=e"E(6) (48) 
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where the nucleus N is defined by a convergent series for 7 >0 


N(1)= Doane (49) 


where 
w= 7 On=KrnpnBr?, By=0, and for n>0 £, is defined by (35c) (50) 


If F(r) denotes the resolving nucleus of the given nucleus N, then the 
unique solution of (48) is 


Rent [ rE) Ft—ndr=or a 


Considering J given and EF unknown, this is an integral equation 
of the same type as (48) with a nucleus F of the same type of function 
as N so that reciprocally (48) is the unique solution of (51) and N the 
resolving nucleus of F. The particular nature of the coefficients 
a, is not essential in finding F. To show this we may construct, 
with the coefficients a,, a function y of the complex variable 6 by 


v(8) =R, +B, -Yas st (52) 


Let 6’, for s=0, 1, 2, o denote the characteristic values 
which are solutions of the equation 


¥(8)=0 (53) 
Then 

Rs dp’ et ee 

2miJ (B’—8)¥(6’) RAR, y(o) 


where the integral is taken around a circle in the complex @’ plane 
with center at the origin and infinite radius. Shrinking this path 
down to separate contours around the individual poles of the inte- 
grand which are at 8’=8 and 6’ =’, where s=0, 1, 2, ©, gives 
after evaluating each contour integral by Cauchy’s theorem 








(54) 


ae a: n 
¥(B) RAR, Ljb—B'n 





(55) 


pers for n=0, 1, 2, —(and v'(py=4¥®) (56) 


1 
¥’ (B’n) ae 
Equation 55 is in a certain respect reciprocal to (52). If 6 takes on 


one of the values 8, (m=0, 1, 2, ———-), which is a pole of y (8) the 
first member of (55) vanishes, giving the relations 


misdaad = 
=F dir. for m=0, 1, 2, 3 (57) 
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It is easy to see that the resolving nucleus F is given by 


F(r) => A,e762" 


n=0 


which is similar to (49) (58) 


For if this series be substituted in the integral <r 48 with series 
(49) for N, the equation becomes 


i} ‘(dry eA A, le +R, Se = A 


m=(0 n=0 


1 
‘ —Bm(t-r oli ea inten did Fane. SEE = 
sss | ER Yar. | 


that is, by reference to (52) and (55) 


é a 
YT —B! (t—71) , —Bm(t-7r)_ ™ _\—() 
if E (1) dr eB 9A LW(B’ m) te VB.) 
Since 6’, is a zero of y (6’) and B,, a pole, this equation is satisfied for all 


values of f. 
Hence the solution of the integral —— (48) is 


e~* (t— 1) 


E(t) 


IQ=prR = | arE (Qe vOrn Vv VP) for t>t, (59) 


where E(t)=0 if tt, 
If E(t) =R,E,e™ for t>t, this becomes, by reference to (55) 


Enel" en (rt DUH t deft, j 
HOES Fee ya 5 +2. BD gt oP ee ae 


so that the final periodic current is I(t)=R,Jye, where 





a ee ” 
Lo= F470) ON 


To compute the roots 6’, of (53) we note that since \, is small 
(A, 2.04), while for platinum \,=.8(10)* the ratio Me 2=5(10)~’ so 
é 
that (33c) reduces practically to 


BK =" coth (2) (60) 


for n>0, so that the coefficients a, defined by (50) are, when = is small, 


= Ri) ° SG) vert (@) for n>0 (61) 


On Jy? (crn) 











tt. ai | le te 
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The a,’s are exceedingly small (except «= Z) since if 5. = 100, 


(Fy 
hr 


Hence writing (52) in the form 





an 


V(6)=(R.+R)—Z5- ) 55 (62) 


n=] 





it is evident that the series is negligibly small except when £ is very 
near one of the values say 8, in which case the sth term is the only 
term of the series worth retaining. The nth zero f’, of ¥(8) is very 
close to the nth pole 8, so that §’, is very approximately given by 


Qn 














1 
+ — — —= 
(R, I R.) Ke’, B’.—B, 0 so that 
/ An 1 an 
B= t RR, "4 De = RR —A,forn=0,1,2,3_._~ (63) 
so that the resolving nucleus is 
@ —2 © e~ Air 1 2 
<= i a —B!r 
PO) Ane = — = Rp ee 6 


or 


F(r)=- e ESAT +K > aye") where 8, is (64’) 
1 


1 
RTRPR| 
given by (60) and a, by (61) for n>0. 


When z is small, equation 61 may be written 


Onl 
w (AX, 2coth a Ta , 
m= 3 Gx) —g-/ since “22J,%(a,)=1 very approximately (61”) 


n 


Hence the equation 59 may be written 


10 =R AE. +E, ”: BFR) FEVE), GB enn 
3 (t—r) 
E ~ (Bera K+ i) ot | (65) 


where 


$(r )=524 >» a G oath 5) “aR () eoth( =) (65a) 


When / is of the same order of magnitude as a or larger, coth ad 


1 very approximately so that 


tlan 


aR,.K 








for 7>0 (65b) 


aT He 
o(7)=5 24 On 





Since, however, a,=(4n+1) 7 approximately, this may be written 


= alr oe aan 
—9 e —(4n+1) Gite B nale fit? tan- 
(7) a fon gq/ tte 4 


A 


XN 


(65c) 





n= 


where z=e 


This approximation to ¢ (r) is sufficient for those cases where it is 
F a Xs 4 
not entirely negligible. When, however, (Fx )*<3(10~) as in the 


example quoted, the terms in ¢ (¢—7r) in (65) are negligible and it 
reduces to equation 5b obtained at first. This may be taken as 
confirmation of the statement that the second approximation to the 
current is in general sufficient. It remains to reduce the expression 
(38”) to a more convenient form for computation. If we assume 


that is small, without any assumption as to 6 except that 0<b<a 


2h . : 
we may neglect the first term +i. in (38”) and in the series replace 


ie 
tanh (222) by in which gives 





Oo 








Qn Je An 
i rb 
Now by (28) when ne we find 
‘ay Oi eee eee Fe ; 
= nt ae if 0<2<1 (66) 
1 


Multiplying this by 5 dx and integrating from xz to 1 gives 


SN Ji? (ap) 1 


a) \ = —¥(1—a? 41 
—londo"(n) en: ns eee) 





if O<z=l 


1 


an 8 


SV SMowz) 1) 2 8 Wess 
ye — 3 log r 3+2" | a eels if 0<z <= 1 (67) 
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be written 








Since 
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Multiplying this by zdz and integrating from zero to x gives 


S (Mae Ios) og LA] toceet 


whence, by (67) 





SP (ant) _1 —_— ‘ Pa oe 
aida.) 4 ge if 0<r=l 





Multiplying this by zdz and integrating from 0 to z gives 








J? (an) )\+ S17 (a, r) 2 No (eit) Ti (cept) _ 
y Qn aJ,3 (an) 2 On do? (On) 4-3 -) if 0<zr=l 
1 


By use of (68) this becomes 
Sy (anx) Si (ap) 3 2 . = 
“a aa 3 toe 3 —qU—z | if 0<r=l 


i Sy S| oa 
Placing x=— in this gives 
= a 








pret ee ere Ge) 


tn?) 9” (an) 


so that (65°) becomes finally 


which is the principal part of R,’ when : is small, and 0<b=a 
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(68) 


(69) 


(70) 


(71) 


(73) 


IV. A CELL EACH OF WHOSE ELECTRODES IS A THIN 


CYLINDRICAL SHELL CLOSED BY A THIN DISK 


In figure 3 is shown a section (by a plane through the axis) of a 


symmetrical cell. The cylindrical shell 7%, and the circular disk 7”, 
are filled with solution, these regions being fairly thin, of the order of 
0.1cm. The current enters the electrode T, through the face of the 


cylindrical shell 7%, at z=0 (trace AA,) where the potential has the 


Kt 


uniform value 


2 


Ee). It leaves at the face of the shell 7%, at z=0 









1 1 


(trace A,A;), where the potential has the uniform value—- 9 
total capacity K of both films is given by 


1 





ae RT, oe RR, where 
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ELECTROLYTIC SOLUTION 
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4; is of order of 1 cm 


0A;=a;=a+0 l; is of order of 5 cm 
0A2=a2:=a:-+¢ c and 6 of order 0.1 cm 
0A3=a;:=a2+6 0 of order 0.01 cm 


R =p tp and p- Ret Re, 


Ro=RatRa,; where 
sa. ie 4 
K i 27d,b,r’ R te "4A 

rte: aie 
02” 2ardabado? — -a*gXo 


Section 3.—Section of concentric cylinders by a plane through the azis. 


OB =! 

OBi=h=(+6 
OB:=l=li+h 
OBs=h=h+b 


The resistance R,, which shunts the condenser K, is given by 


1 1 


(74b) 
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Since the region 7, is everywhere thin, the first approximation to the 
resistance R, of the solution, obtained by neglecting the variations 
of potential near the edges of C, and C,, assuming a uniform radial 
component of current density in 7’,*, and a uniform axial component 


in 7,’ is given by 
R= log : re c [1-244] 
| _) +p» where| 2a( +5 )™ sda an! 
=a. - . 
RS ht, 4 ; 


R, R= ; = , (1-3<) 
x(a, +§) , mar, 2a, 





) (75) 














In these expressions the mean length of the shell 7, is taken (1.45) 


and the mean radius of the disk is (a.+§). In this way we attempt 


to make some allowance for the troublesome region near the edge 
C, and Q,. If the construction and measurement of dimensions of 
the solution-volume 7’, were possible with any great precision, this 
expression for R, would require a slight modification. All that is 
yery here is an approximate evaluation of the electrode resistances 
R, and Re. 

The total current is J=I*+J where J* is that passing through the 
cylindrical shell 7,* and 7° that passing through the disk 77’. 

_For the two parts 7%, and 7”, of the electrode 7; consider the poten- 


tial 
; Bop 
VC = 3 Feabret 


Pin > Ont Yi (teen) To (tanr) —Ji (tant) Yo (tear) ] (76a) 
Tal", Ian al Yj (Veen) J; (Veen) — J (10%) Y (Van) 
n=1 
(2n—1) 
2l 








in 7,° where a,= ry 


and 


: r—l r 
a ¢ cosh p= Td Baz 
M6, )=3 scan a +?) -aa ) BOS) can 


2 2xa,br, TAA, 6,” sinh Baby 1 (Bn) 








n=1 
in T, 
where 8, is the nth positive unit of J)(8)=0. 
E 


The equation 76a reduces at the face z=0 of 7%, to V0, r)=5 


sit should. Also [D,V(z, r)],-.=0 ie., there is no current leaving the 
inner boundary of 7*,. The current density at the surface S%, 1. e., 
t=a 1s by (71a) 








Ten ALD, V (2, ry) lrna, =t(Z, a) = ig yee 


2ra,l a,l? 
n=1 
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It is evident therefore that (76a) satisfies the reasonable boundary 
conditions at its external boundaries. 


Over the section whose trace is OD, i. e., z=l we find from (76a) 
b 
i,(l,r) = —2r,[D,V (a, )Nle-i=525= uniform, which is a reasonable 
“7d 
way of ignoring the fine structure of the field at this edge, since the 
total current through CD, must be J° the total which passes to the 
solution through the surface S’,. At S%, r=a,, (76a) becomes 
I 
2ra,br, * 
ig Ee An Y (ieen@) To (Van) —S; (Van) ae | (77) 


ra,l?d, 


Vee,a)=— 





Vy” Yj (den) Ts (Vary) — Js (Veen) Ys (Veen) 
n=1 
Since a,=a-+b where 6 is small, this series becomes 
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Tp 

ae 2. sin (2n—1 

1 ana xz  (2i)* I ( i 

b On? b 73 (2n—1)° 
n=1 n=1 


so that (77) becomes 
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From this we find 
is ee ee Ne 
2na, | Via, a,)d2=2na,l|5 Fna,brl 2 +2] () dm—1| 


By means of the formulas 


(2) enya 2) Yes 
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we thus find 
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Returning to the equation 76b this is evidently a solution in the 
region 7°, satisfying the boundary conditions 


V2, )=F-x atl) for l<r<l+6 (i. e., by 79 continuous 


at C, 
D,V=0 at c=I 


i T° * PY e) : 
DV=—=ay. at =14i(=-F2)) 7 ‘) ) (80) 


1 BnJi (Bn) 


From it we find 


a E l de 
anf rV(l+6, r)dr=nay Fs (S+P) Lal sx — J? (81) 


b fe 


where we have placed tanh B “a and made use of the known sum 


@ 


1 tl. 
B,? 32 
1 


Hence, if V’., denotes the average of V over S,=S*,+ 8S", we find, by 
use of (78) and (81) 


Va= = (bd.) ae aa? : os +37 . 2)" 


Since the current is determined principally by the solution resistance 
| R, and R*, and R?, are in parallel, we may replace J* and J? in (82) by 





aC 
R?, hI rk 2h 3 


r=;; I= 
R*,+-R°, hoe 
1 








(83) 


Hence the “‘resistance of the inner” electrode defined by sig is 
Es l 3 1 
— Vea 3( 2+ eal+72l+a)*ar 


Ra= 
f 2eabr,(2l-+-a)( 21+a5 ) 








(84) 


When the electrolytic solution has the same thickness everywhere, 
t=h and this becomes 





l 21 i 
Ra=Zrabh. | sarzat a) +yorrat i | (85) 
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Since h=c is small it is similarly found as is evident from symmetry 
that the resistance R,. of the outer electrode is practically the same 
as R,,. 'To estimate the importance of this term, consider the case 
where a=1 cm, /=5 cm, h=c=0.1 cm, 6=0.01 cm, A,=0.04 and 
Ae=0.8 (10). By (85) we find for the total electrode resistance 
Ra+R2=R,=0.00073 ohm, while (75) gives R*,=0.79 ohm, R°,=7.95 
ohms, so that the total resistance of the electrolytic solution is 


R,=0.72 ohm. 


Hence, the electrode resistance is about one-thousandth of the solution 


resistance. 
V. SUMMARY 


In section II a plausible method of obtaining a first approximation 
to the effect of electrode-resistance was sketched without attempting a 
proof or inquiry into its limitations. The line of argument in a more 
detailed justification could be inferred from an examination of the 
equations obtained in section III for a particular shape of cells and 
electrodes. This exact mathematical solution confirms the method 
of section II as a first approximation. On the strength of this, the 
approximation is applied in section IV to a cylindrical cell of more 
complicated shape. The result of practical importance in the first 
case is the electrode resistance given by equation 73 and in the second 
case by (84). These electrode resistances were arbitrarily defined in 
equation 19 so that they would enter the first approximate equations 
of motion of electricity (4) in the familiar form. A possible source of 
misunderstanding due to the use of the name “electrode resistance” 
was pointed out in section IT and illustrated in section III. The 
resolution of the total resistance into the sum of two parts, one being 
that of the solution, the other of the electrodes, is possible in the 
first approximation only. In a closer approximation in general, this 
concept goes to pieces, because the total current I is not confined to a 
single linear branch but is the sum of an infinite number of parallel 
current components having different paths and series capacities. 


WasuHInGTon, April 23, 1936. 
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TERM ANALYSIS OF THE FIRST SPECTRUM OF 
VANADIUM (V1) 


By William F. Meggers and Henry Norris Russell ! 


ABSTRACT 


All available data on 2525 V1 lines (wave lengths, intensities, temperature 
classes, Zeeman effects, and absorption observations) subjected to analysis have 
aided in the identification of 60 doublet, 60 quartet, and 28 sextet terms. Com- 
binations between these give 634 multiplets and account for 2, 186 observed lines. 
Complete tables of lines and terms are presented. 

The lowest term is (d*s*)a‘F i, but the strongest line (rate ultime of V1) is 
(d‘s)a°Dyyg— (d*p) y®F°s:, with wave length 4379.24 A, involving the simple s-p 
transition. 

Line intensities, level intervals, and Zeeman effects indicate that this five- 
electron spectrum is governed, in the main, by LS coupling. The terms are all 
regular except for a few inversions, some of which appear to be explained by 
perturbations also accompanied by abnormal magnetic splitting. 

Absorption data and temperature classification confirm the orientation of the 
terms and agree qualitatively with their energies of excitation. 

Zeeman-effect observations for more than 900 lines greatly facilitated the 
analysis, and constitute convincing evidence for its correctness. 

With the aid of the quantum theory, and comparisons with other spectra, the 
electronic configurations responsible for the observed terms have been identified 
in nearly all cases, but a few terms are left unassigned for various reasons. 

A number of two-member series have been recognized; from them a corrected 
ionization potential of 6.71 volts has been computed for neutral vanadium atoms. 
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I. INTRODUCTION 


A contribution of far-reaching importance to the term analysis of 
complex spectra was made by Catalan [1] 'in 1922, when he announced 
new types of regularities (multiplets) in the spectra of manganese, 
Similar regularities were eagerly sought in other spectra, especially 
those of elements in the same period as manganese, primarily for the 
purpose of testing the alternation and displacement laws of spectral 
structure. Thus, after multiplets had been identified for scandium, 
titanium, chromium, manganese, and iron, to vanadium fell the 
distinction of disclosing the first spectral regularities in the 5th group 
of elements, thereby proving the general validity of the alternation 
law. 

The first regularities in the arc spectrum of vanadium were an- 
nounced in 1923, simultaneously by Sees [2] and by Laporte [3], 
Both recognized quartet and sextet multiplets accounting for several 
hundred lines. A paper on Zeeman effect and multiplet structure 
by Landé [4] gave further impetus to such analysis, and further 
results based on interpretations of observed Zeeman effects for 
vanadium lines were published by Meggers [5] and by Bechert and 
Sommer [6]. The analysis was continued by Meggers during the 
development of the theory of complex spectra [7] until the identified 
terms [8] accounted for about 1,000 lines. Except for a series-forming 
term identified in 1927 by Russell [9], the analysis rested until 1932, 
when it was resumed and carried to its present state of completion 
by cooperation of the present authors. A summary of the identified 
terms was published in 1934 by Miss Moore [10]. 

In order to bring this analysis to its present state, it was necessary 
to reobserve certain regions of the spectrum and to reexamine spec- 
trograms for faint lines. By postponing this presentation, it was 
possible to exploit new photographic plates and spectrographs, 
which added much to the completeness and quality of the data. 
Most of the new observing was done at the National Bureau of Stand- 
ards, while the extensions to the analysis all emanate from Princeton 
University. Since practically all conveniently observable data for 
V 1 lines have now been satisfactorily interpreted and correlated, the 
time has come for publication of final results. 


II. OBSERVATIONAL DATA 


The observed facts upon which this analysis of the V1 spectrum is 
based consist of wave-length measurements, intensity estimates, 
temperature classification, Zeeman effects and absorption data, all of 
which are collected in table 1. 


1. WAVE LENGTHS 


Although a considerable number of spectroscopists have measured 
wave lengths of vanadium lines [11], no one has given satisfactory 
results for the entire spectrum, so, in lieu of remeasuring all lines, it 
has been necessary to use a composite list. The most complete 
table of vanadium are spectrum measurements (1,642 lines, 2311.53 
to 6812.63 A) was published in 1911 by Exner and Haschek [12], but 
the values are on Rowland’s scale and the relative errors are rathe 


1 Numbers in brackets refer to references at the end of this paper. 
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large. More precise values on the International Scale were obtained 
by Kilby [13] (3126.224 to 3943.666 A), and especially by Ludwig [14] 
(2207.1 to 4646.402 A), whose results as tested by subsequently found 
spectral regularities appear to be correct within a few thousandths 
angstrom. These observers, however, measured only short intervals 
of the spectrum and omitted many faint lines. The region of 
longer waves (5500 to 9500 A) was explored in 1920 by Kiess and 
Meggers [15]. 

Efforts to advance the structural analysis of vanadium spectra 
soon indicated the necessity of remeasuring portions of them and 
extending observations in both directions. At the National Bureau 
of Standards the interval 4456 to 6700 A was remeasured in 1923, 
new observations in the ultraviolet (2081 to 2440 A) were made in 
1925, new measurements in the infrared (6700 to 10500 A) in 1933 
were extended to 12000 A in 1935, and finally, the ultraviolet (2081 to 
2700 A) was once more observed with larger dispersion in 1936. 
These last observations were suggested by the term analysis which 
indicated that the earlier ultraviclet measurements were affected by 
systematic error. This systematic error was probably due to the fact 
that the iron lines used as standards below 2400 A were quite unreli- 
able until new values by Burns and Walters [16] become available in 
1929. 

Since these new values of vanadium wave lengths are here being 
published for the first time, it may be justifiable to give some details 
of their measurement. Large concave grating spectrographs were 
employed, except in the ultraviolet, for which an exceptionally power- 
ful quartz spectrograph became available in 1931. Dispersion con- 
stants of the spectrograms are as follows: 0.4 to 1.1 A/mm in the 
interval 2100 to 2700 A; 3.5 A/mm from 4456 to 9100 A; 10.2 A/mm 
from 8600 to 12000 A. All measurements were made relative to the 
international iron-arc secondary standards [17], supplemented in the 
ultraviolet by the above-mentioned values of Burns and Walters [16]. 
The earlier observations were made with vanadium chloride on 
graphite, but those since 1932 were secured with solid metal elec- 
trodes of highly purified vanadium kindly presented for these spec- 
troscopic investigations by Jerome K. Strauss of the Vanadium 
Corporation of America. 

A major difficulty encountered when describing the atomic spectra 
emitted by conventional sources is due to the confusing presence of 
molecular spectra arising from metallic oxides. In the arc spectrum 
of vanadium at atmospheric pressure partially resolved rotation 
structure of such bands [18] extending from the blue to the limit of 
observation in the infrared, inevitably masks many faint atomic 
lines and may in some cases falsify the wave-length measurements. 
The vanadium furnace spectrograms obtained by King [19] being 
free from oxide bands, were reexamined at Princeton for faint lines. 
Thus, in the range 2632 to 6607 A on King’s plates, about 130 new 

es were measured, the wave lengths of 155 others were checked, 
and 11 close doubles were resolved, including vanadium lines near 
strong iron lines or other impurities. Unfortunately, the infrared 
has not been observed without molecular spectra. 

The hyperfine structure of some V1 lines has been investigated by 
White [20], and by Kopfermann and Rasmussen [21], the latter 
definitely deducing from their measurements a nuclear-spin moment 
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of J=9/2 for vanadium atoms. In table 1 the symbol ‘‘cm” meaning 
“complex hyperfine structure measured”’, is attached to the 17 lines 
investigated with interferometers. No hyperfine structure in vana- 
dium spectra has been resolved with ordinary spectrographs, but 
some infrared lines showing considerable width may merit further 
study with greater resolving power. For example, the line with 
mean wave length 8116.80 A appears to have a width of the order 
of 0.5 A. The present term analysis of the V1 spectrum is quite 
independent of hyperfine structure, but further work in the latter 
field may be suggested and aided by it. 


2. INTENSITIES 


Except for four multiplets in each of which the relative intensities 
of lines have been measured by Frerichs [22] to test intensity rules, no 
quantitative measurements of intensities have been made in vanadium 
spectra and the usual practice of estimating such relative intensities 
has been followed. In the present case, we have quoted King’s [19] 
arc-intensity estimates for the most part and attempted to supply 
the remainder on the same scale. Whereas other observers usually 
employ a scale of 1 to 10, King’s scale has much greater range (1 to 
200 for vanadium), and although empirical, it has been shown to be 
remarkably homogeneous and in possession of considerable quanti- 
tative value [23]. 

3. TEMPERATURE CLASSES 


Comparison of the spectra of vanadium excited in a vacuum furnace 
at various temperatures enabled King [19] to separate some 1,600 
vanadium lines (2340 to 6842 A) into a half dozen different classes 
corresponding closely to successive energy stages required for their 
excitation. This classification was of primary importance in the first 
search for regularities among vanadium lines and has been of great 
value in simplifying and generally confirming the complete analysis. 
King’s temperature classes in roman numerals are quoted together 
with estimated arc intensities in the following list of lines. In the 
interval 2400 to 3200 A, King measured about 130 V1 lines not 
mentioned before 1924. 


4. ZEEMAN EFFECT 


In 1911 the Zeeman effect for several hundred vanadium lines from 
3665 to 6625 A was published by Babcock [24]. These observations 
were improved and extended and in 1923 were lent in manuscript 
form to those actively engaged in multiplet analysis. Except for a 
few patterns published by Bechert and Sommer [6] these data have 
remained in obscurity, but with the kind consent of Mr. Babcock, 
they are now fully presented, together with their interpretation in 
the following list of V1 lines. A report on magnetic splitting factors 
(g and g sums) resulting from the present analysis was published last 

ear by Russell and Babcock [25] so further details of this phase will 

e omitted here. The Zeeman effect observations quoted in table 1 
are given in the usual form (normal triplet units) p components m 
parentheses followed by n components, the strongest in complex 
patterns being distinguished by boldface type. The same applies to 
calculated patterns, except that in some cases these are simplified to 
make their relation to the observations more obvious. 
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The calculated patterns are derived from the observed g-values 
obtained from Babcock’s material and listed in table 1. When the 
observed components are wholly or partially resolved the full com- 
puted pattern is given. When only blends of the components of a 
given polarization are measurable, the calculated position of the blend 
is given. For the stronger lines this is assumed to coincide with the 
center of gravity of the theoretical group, as determined by the for- 
mulas of Shenstone and Blair [26]. Such cases are marked b in the 
list. For weaker lines, it is probable that the measurement applies 
more nearly to the strongest component of the group, which is, there- 
fore, tabulated with the notation s. 

The observed Zeeman effects have been most helpful in the identi- 
fication of spectral terms and they afford the most convincing con- 
firmation of the correctness of this analysis of the V1 spectrum. 
“From the magnetic standpoint, this complex spectrum is conspicu- 
ously regular and orderly. Landé’s formulas for the g-factors are 
closely followed, showing (as does the regular multiplet structure) 
that the departures from LS coupling are small. Most of the dis- 
cordances are explicable as a result of simple perturbations between 
adjacent levels [25].”’ 


5. ABSORPTION 


Before the theory of complex spectra had been fully developed the 
apparent prominence of large azimuthal quantum numbers was 
regarded skeptically by many, and it was necessary to devise experi- 
mental proofs. The absorption spectrum of vanadium was promptly 
investigated by Gieseler and Grotrian [27] to determine the normal 
state of the atoms. They observed 52 absorption lines (2914.92 to 
6251.81 A) when vanadium was vaporized in a furnace at 2,000° C. 
Since all of these lines originated either from a low quartet F or a 
slightly higher sextet D term, it was concluded that the normal state 
of vanadium atoms is described by a ‘*F}, level. Evidence of a similar 
nature, but less refined, is found in the self-reversal of lines in the 
vanadium arc. 

King [28] extended his temperature classification of vanadium lines 
in the ultraviolet from 2340 to 2700 A by comparing arc intensities 
with those appearing in absorption by vapor at about 2,600° C. 

The only other absorption data for vanadium are those of the solar 
spectrum. More than 600 vanadium lines have been identified in 
the spectrum of the solar disk, and most of these are enhanced two or 
more intensity units in the spot spectrum, so that many faint lines of 
vanadium appear only in sun spots [29]. 


III. TERM ANALYSIS OF V1 (Z=23) 


Since the terms of the V1 spectrum are deduced directly from 
observed properties of the lines, we present in the following numbered 
subsections (1) a complete list of observational data in table 1, to 
which are added the term combinations for all classified lines, and 
calculated Zeeman effects to compare with observed; (2) the intrinsic 
facts concerning the established spectral terms in table 2; (3) discus- 
sions of electron configurations and terms; and (4) spectral series and 
lonization potentials. 
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1. LINES OF THE V1 SPECTRUM 


Table 1 exhibits in successive columns (1) the observer; (2) meas- 
ured wave length; (3) intensity; (4) temperature class; (5) vacuum 
wave number; (6) term combination; (7) observed Zeeman effect; 
and (8) calculated pattern. 

The key to the numerals in column (1) is as follows: 1=W. F. 
Meggers; 2=H. N. Russell; 3=Solar or sun-spot spectrum; 4== Exner 
and Haschek [12, 19]; 5=C. E. Moore; 6=W. Ludwig [14]; 7=C. M. 
Kilby [13]; and 8=A. S. King [28]. 

All wave lengths listed here are on the International Scale. 


The letters a, 6, c, etc., attached to wave lengths in column (2) 
have the following meaning: 
a=g for higher level calculated from this line. 
b= Observed and calculated Zeeman effects discordant. 
c=Fe masks V line. 
d= Blend with V11 line. 
e= Masked by V1 line. 
f=Ni masks V line. 
g= Zeeman effect pattern changed by self-reversal. 


The third and fourth columns contain the intensity and tempera- 
ture class, respectively. For lines of known temperature class 
King’s [19] intensities are given unless the intensity is in parenthesis, 
in which case it belongs to the observer in column (1). This is gen- 
erally true of waves longer than 6400, and shorter than 2755 A. For 
all lines of unknown temperature class, the intensity is that of the 
author referred to in column (1). A few cases of temperature 
classes not published by King are given in parentheses. Intensities 
less than 0, i. e., 00, 000, and 0000, are entered as —1, —2, and —3, 
respectively. The intensities quoted from furnace spectra are 
inclosed in brackets. 

Symbols accompanying some of the intensity numbers in column 
(3) have the following significance: 

a= Absorption [27]. 

c=Complex, hyperfine structure (hfs). 
cm=Complex hfs measured [20, 21). 

d= Double. 

E= Enhanced in spark. 

h= Hazy, nebulous, or diffuse. 
H=Very hazy. 

l=Shaded to longer waves. 

p= Part of band. 

r= Self-reversed. 

R=Strongly self-reversed. 

w= Wide hyperfine structure. 
W=Very wide hyperfine structure. 


The vacuum wave numbers in column (5) were derived from the 
measured wave lengths with the aid of Kayser’s Schwingungszahlen 
[30], except beyond 10000 A, where either Babeock’s [31] method of 
using Kayser’s table was employed or reciprocals were calculated 
from wave lengths corrected to vacuum by extrapolation of Meggers 
and Peters [32] dispersion formula for air. 

The term combinations entered in column (6) show the quantum 
theoretical interpretation of the observed lines, the notation being 
that which is in general use [33]. In the case of blends, an attempt 
has been made to list the more important term combination first. 
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Lines which are completely masked have their multiplet designations 
in parentheses. 

Symbols attached to Babcock’s unresolved complex magnetic 
patterns in column (7) have the following meanings: 
w,=slightly widened; w.=moderately widened; 
w;—greatly widened, while the apparent intensity distribution in such 
cases is qualitatively represented by letters as follows: 

For unresolved p components B= [> ~]; D=M; E=A. 
For unresolved n components A= ~][+; B= [}\ <1; C=Mn. 

As already explained, the letters 6 and s, with calculated patterns 
in column (8), indicate blended and strongest component values, 
respectively. Discordances are pointed out and often explained in 
footnotes. In such a complex spectrum, it would not be surprising 
if a few discordances arose from errors of observation or of judgment 
in separating overlapping Zeeman patterns of V1 or of Vi and Vu 
lines. The recorded Zeeman data may be compared with values 
computed from Landé g-values by referring to a publication by Kiess 
and Meggers [34]. Considerable departures from such calculated 
values are usually accounted for by perturbation of adjacent levels [25]. 

The total number of classified lines is 2,186, divided among multi- 
plicities as follows: 365 doublets, 1,173 quartets, 323 sextets, 277 
doublet-quartet, 145 quartet-sextet, 12 doublet-sextet, and 13 from 
combinations with the three miscellaneous levels. The total number 
of assigned multiplet designations is 2,308, 120 lines being blended. 
Of the blends 118 have two designations each and 2 have three each. 
In addition, 73 lines which would otherwise appear in multiplets are 
masked; 61 by V1, 4 by Vu, 2 by Ni, and 6 by Fe. 

The combinations between sextets and doublets are of special 
interest, as this is the smallest atomic number for which they have 
been found. The combination a*D—2’G° exhibits all five possible 
members of the multiplet, three of which (A\ 4200.19, 4179.42, 
4159.70) have completely resolved Zeeman patterns, of very unusual 
type, which put their nature beyond any question. The remaining 
lines recorded as doublet-sextet combinations are sporadic and faint. 


TABLE 1.—Arc spectrum of vanadium (V1) 






































(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. | Temp. - Term 
Ref.) Aeir A arc class | ”¥#°™~ | ombinations 
Observed Computed 

1} 11911.8 2 8392.7 | a? Fy—2?Fixg 
1} 11263.8 3 8875.6 | atGax—y'Fix 
1} 11249.0 5 8887.2 | atGsu—y! Fix 
1} 11195. 4 5 8929. 8 atGsy—y' Fix 
1} 11182. 6 5 8940.0 | atGuy—y'Fixg 
1} 11107.7 10 9000. 3 aSax—y' Pix 
1} 10993. 4 15 9093. 9 a*Saxn—y* Pixs 
1} 10982. 5 Shp? 9102.9 | atGs—2’Gix 
1 | 10848.0 20 9215.8 @*Sax5—y* Pig 
1} 108248 6 9235. 5 
1} 10523.3 2p? 9500. 1 bt Pis— 24 P35: 
1 | 10479.4 4h 9539. 9 tie ™ 
1} 10458. 4 2 9559. 1 b*Pax4— 2! Pixs 
1} 10392. 4 2 9619.8 a'Day— 2Dix 
1} 10883. 72 3h 9627. 83 
1} 10283, 4 1? 9721.7 aDix—2Dixg 
1” 10251.5 1? 9752.0 | b°Gs4—z'Ging 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
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(2) 


Aair A 


10203. 45 
10193. 66 
10163. 00 


10138. 82 
9865. 44 
9772. 98 
9738. 50 
9708. 36 


9316. 50 


9313. 54 


9308. 64 
9290. 34 
9273. 31 
9265. 59 


9255. 84 
9242. 89 
9226. 09 
9217. 22 
9202. 88 


9168. 76 


9113. 74 
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' 9100. 78 
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(4) (5) (6) (7) (8) 
Temp. a Term Zeeman effect 
class | ”"*°" combinations 
Observed Computed 
9797.93 | a?Pox—2Dixs 
9807.33 | a?Pixs—2’Divg 
9836.92 | b*Pox—2'Piss 
9860.38 | b4Pty;—z* Pin 
10133. 62 | a?Pix—2*Diss 
10229. 49 
10265. 71 | b*Fixn—y! Fins 
10297. 58 | b*Fs—2*Giss 
10315.41 | b*Fax—y!Fix 
10323. 28 
10337.5 | y*Dix—etFus 
10339.6 | b*Fis—ytFiss 
10397.92 | b4Fsx—y* Fix 
10401. 24 | b'Fus—y'Fiy 
10421. 37 | y°Diy—e!F ac? 
10433. 07 | b*Fey—y!F iss 
10478.97 | b'Dow—7t Fig 
10483. 12 | y®Dix—e*Faxy 
10510. 85 
10513. 35 1°—f°Pasg 
aged 
U' D3 — CF 36 
10545. 36 Disses 
4D31s—2* Fig 
10549.93 {pips ying 
10559. 08 
10560.87 | b4Fa4—y!Dix 
10574. 14 | b¢Fas—2Giss 
10583. 88 | y®*Dix—e*Dsyg 
10590. 54 
10595. 35 | y*Dix—etF as 
10622. 59 | y®Dix—e*Dass 
10628. 58 | b'Fs4—y*Diss 
10636. 60 | y*Din—et Fas 
10652. 59 | y*Dix—e*Dus 
10657. 49 
10669. 66 
10673. 01 | y*Din—etF ass 
10677.68 | b*P2x—y'Diss 
10679. 03 | y®Dix—e*Diss 
10702. 44 | y*Dix—e*Days 
10709. 54 | 6'Fas—y! Dis 
10717.31 | y®Dis—e*Das 
10721. 54 | y®Din—e*Dass 
10730.70 | 2Gix—eFas 
yDin—etF is 
10784. 11 (iP ii yt F bs 
10739. 76 | y*Dix—etF ax 
10760.92 | y®*Din—e*Dixs 
10780. 68 | 6*Psx—g'Diss 
10789. 66 | y®Din—e*Dax 
10801. 03 | y*Dix—etF ns 
10816. 16 | #*Din—e*Dass 
10835. 87 | y*Dix—e* Das 
19846. 28 | a? Pix—2*Pix? 
10863.18-| a*Pax—z!Dix 
y'Fix—e'F as 
10903. 61 |{ Yeas faaees 
10907. 13 | a@Hsx—v'Fiss 
10908. 27 | 6*P2s—y'*Dixs 
10918. 16 | aHys—2Giss 
10969. 44 | a*Pix—2*Dix 
10978.93 | 6'Pix—y*Dix 
10985. 06 | y!Fix—e' Fuss 
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TABLE 1.—Arc spectrum of vanadium (V1)—Continued 






































(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
: Int. Temp. x9 Term 
Ref.| Air A are class vveccm! combinations 
Observed Computed 
1 | 9085. 26 40 11003. 82 | a*Ps4—2z*Dis 
1 | 9073. 34 4 11018. 28 | a?Hay—y*F is 
1 | 9046. 68 50 11050. 75 | atPix—2z'Dixg 
1 | 9037. 58 30 11061. 87 | a*Pox—z*Dixs 
1 | 9022. 70 20 11080. 12 | atHs~x—2’Gix 
1 | 9021. 08 20 11082.11 | b*Pix—y*Dixg 
1 | 9003.08 5 11104.26 | 64Pox—y!Dixs 
1 | 8999.10 4 11109.17 | y8Di4—e*F 31 
1 | 8971. 62 40 11143. 20 | a*Dox—z4Dis 
1 | 8963.6 5 11153.2 | y®Din—e*Fas 
1 | 8949.2 4 11171.1 | 6'Pow—y*Diss 
1 | 8932. 95 50cw 11191.44 | atPy35—z*D3x 
1 | 8931. 62 Thp? 11193. 11 | y®Dix—e*F sss 
1 | 8919.85 | 100cw 11207.88 | a4Pe<—24Dis 
1 | 8916.35 2p? 11212, 27 | atHay—y!F is? 
1 | 8642. 61 5+p? 11567. 40 
1 | 8598. 92 4+p 11626.18 | y*D%—e*Dary 
1 | 8580.37 8h 11651.31 | y*Dix—e!Disg 
1 | 8551.48 3+p? 11690. 67 | y*Din—e*Dors 
1 | 8541.98 20 11703. 67 | 6°Gux—y?Gisg 
1 | 8534.50 | 30 11713.93 | b?Gsx—y*Gixg 
1 | 8505. 63 10 11753. 69 | y*Di—e*Daxy 
1 | 8505. 06 4 11754.48 | y!Din—e!Dis 
y*Dix5—e4 Doss 
1| 9502.94 | 5d? 11757. 41 (Pras nin 
1 | 8499. 50 50 11762.17 | y*Dix—e*Dax 
1 | 8493. 61 5 11770.32 | 22Fix—ftF 26? 
1 | 8431.63 10h+-p? 11856.85 | y*Diss—e*Dars 
1 | 8421.39 5 11871. 27 | b{Day—z!Dix? 
1 | 8416. 53 5 11878.12 | b°Gas—y? Fxg 
1 | 8414. 39 5 11881. 14 | O°Gsu4—y? Fins 
1 | 8408. 23 3 11889. 85 | y#Dix—etDaig 
1 | 8402.79 15 11897. 54 
1 | 8342. 04 60 11984.19 | y*Fiu—e!Dax 
1 | 8331. 21 40 11999. 76 | y*F%4—e!Dis 
1 | 8324. 40 3 12009. 58 | y*Fiss—e*Dox 
1 | 8282.35 | 100 12070.55 | y*Fiu—e!Dar, 
1 | 8280.39 20 12073.41 | y*Fisx—e!Dirs 
1 | 8267.61 2 12092.07 | b?Gus—2Hixy 
1 | 8255.90 | 100¢ 12109. 22 | a4Do4—2z4!Dix 
1 | 8253.51 | 100cw 12112. 73 | a4D34—z4Dixg 
1 | 8241.61 60 12130. 22 | a*Dix—z4Dixy 
1! 8203.05 | 100 12187. 24 ; y®Fiu—e*Dir 
1 | 8198. 87 80 12193. 45 | a*Dox—z!Dixs 
1 | 8194. 82 5 12199. 48 | b4{Do.—w'F ing 
1 | 8187.33 70 12210. 64 | y®Fin—e*Dayg 
1 | 8186.73 | 100 12211. 54 | atDiy—2z*Dixg 
1 | 8180. 19 15h 12221.30 | b'Dss—w! Fig 
1 | 8171. 34 40 12234.53 | y®Fix—e®Daxy 
1 | 8168. 89 7h 12238. 20 | y!Fiu—e*Dass 
1 | 8161.06 | 150cw 12249.95 | a*Dox—2z!Dixg 
1 | 8154. 55 20 12259.72 | y®Fix—e®*Dig 
1 | 8144. 58 50 12274. 73 | a*Dow—z!Dixs 
1 | 8136.80 20+p 12286.47 | y®Fin—e*Doss 
1} 8116.80 | 200cW 12316. 74 | a*Ds4—z!Dixs 
1 | 8109. 88 15 12327. 25 2 Se aw 
1 34 —€® Dare 
$109.07 | 20d? 12328. 49 {}Fis—eDus 
1| $108.60 | 30 12329. 20 (orapw 
8102.42 | 40 12338. 60 
1 | 8093.48 | 100c 12352. 23 | a*Dus—z!Diyg 
1 | 8028, 13 20ew 12452. 78 
1 | 8027.36 | 100cw 12453.97 | a4Dox4—z'*Diss 
1 | 7947. 36 6 12579. 34 | z°Pin—e*Das 
1 | 7937.90 | 30 12594. 33 | 2°Pix—e*Daxg 
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TABLE 1.—Are spectrum of vanadium (V1)—Continued 
(2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
. Int. | Temp. a Term 
Aair A are class |’"*°°"' | combinations 
Observed Computed 
7932. 99 6 12602.13 | 2°Pix—e*Dus 
7826. 88 3 12772. 97 | b*Pixs—y*Sbs5 
7787.81 1 12837.05 | 2!Fix—e*F ss 
7736. 63 1 12921.97 | a*Dexs—2*F iss 
7704. 81 3 12975.34 | 2*Pix—e*Dass 
7701. 36 2 12081. 15 | b*Poxs—z*Sbs 
7676. 14 2 13023.80 | b*Pex—2°Diss 
7662. 97 2h 13046.17 | y*Dix—f*F a 
7661. 02 2h 13049.51 | bPexs—z*Sin 
7638. 03 3h 13088.78 | 2*Pix—e*Diss 
7624.80 | 15 13111.49 | 2!Pix—e#Dss 
7621.85 | 4dp? 13116. 57 | g*Din—ftFus 
7613. 55 2h 13130.87 | y®Fis—e*Dax 
7598, 28 3h 13157. 26 | b*Pox—y*Sixs 
7596. 92 3p? 13159.61 | b®Pix—z*Dix 
7591. 24 3h 13169.46 | 2!Pix—e*Doss 
7578. 75 5h 13191 16 | 2*Pin—e*Dass 
| 7573. 93 2 13199.55 | b*Dow—etF ix? 
| 7570. 26 2 13205.96 | b*Di5s—1° 
| 7554. 63 2 13233. 27 | z2*Piu—e!Duss 
7488. 08 3h 13350.89 | b*Pix—z!Stx 
7485. 88 2h 13354.81 | b*Dix—0!F is 
7398. 64 1 13512. 29 | a*Gus—y*Gis 
7395. 20 3h 13518. 58 | a*Gs~—y'Giss 
7389. 14 2 13529.65 | a*Gss—y*Gins 
7385. 95 3 13535. 50 | 6° Pix—z*Pix 
7381. 95 1 13542.84 | b'Pix—z!Sin 
| 7363.16 | 15 13577. 39 oe eere 
|» - 2Piy— 2’ Piss 
| 7362.49 4 13578. 62 |) 2Gg—wD iy, 
7361.39 | 10 13580. 65 | a*Gns—y*Girs 
7358. 64 4 13585. 73 | b*D25—0! Fix 
7356. 51 20 13589. 66 | a*Guasg—y'Giss 
7338.92 | 30 13622. 23 | a*Gsy4—y'Gix 
7329. 66 2 13639. 44 | a*Goys—ytGiss 
7327. 76 1— 13643. 00 | 6°Hsss—z*Hiss 
| 7321. 44 4 13654. 76 | atGay—y Gis 
7306. 71 2 13682. 28 | a*Gus—y'Gixs 
7291. 90 1~ 13710. 07 | a?Fs4—2*Hiss 
7264. 13762. 20 | b*Dss—0' Fix 
13778. 51 | 2Fin—e*F ns 
q 13809. 77 
7228. 36 l- 13830. 58 ys 
° 44 
| 7188.79 | 2 13010. 59 |{ Serer — rst, 
| 7182. 04 2 13919. 78 | b*Pox—2Pix 
7159. 90 1—- 13962.84 | b*Pex—2*Pix 
7151. 36 2 13979. 50 | b*Dsyx—0' Dis 
7148. 15 6 13085. 78 
7102. 53 2h 14075. 62 | a!Gsx—z7*F iss 
7092. 08 4h 14096. 36 
7063. 69 1- 14153. 02 | a®’Gus—y® Fig 
7026.05 | 10+p 14228. 83 | a?Fsx—y?Gixs 
| 6974. 50 5 14334.00 | a? F2x4—9*Giss 
6940. 92 2 14403.35 | a Fsx—v? Fis 
6916. 06 2 14455.12 | a? Fax—y*F 3 
6893. 99 3 14501.39 | a? F2x—v* Fis 
6883. 92 2 14522. 60 | b*Pas—y*Pix 
6871. 53 4 14548. 79 | b*Pas—9* Pins 
6870. 86 8 14550. 21 | 0"Hs5—2*Hisg 
6841. 89 (7) III A | 14611.82 | a*Dix—2*F ix 
6839. 58 6 14616. 75 | O° Ha—2Hiss 
6832. 44 (10) III A | 14632. 03 a'Day— Fis 
6829. 04 (10) III A | 14637. 39 aDug—2*F ig 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. al Term 
Ref.| Aa A arc class | ’"*e°™™| combinations 
Observed Computed 
1 | 6819. 13 2d? 14660. 59 | a*Pyy4—2°Dixg 
1 | 6812.40 | (20) | IIL A | 14675.07 | atDox—z*F ix 
1 | 6786. 32 6 14731. 47 
1 | 6784.98 | (40) TILA | 14734. 38 | a*Diys—z4F ing 
1 | 6777. 29 2 14751. 09 | 6*Pixs—y*P ix 
1 | 6766.49 | (60) IIL A | 14774. 64 | atDox,—24F hx, 
1 | 6760, 12 4 wats | 14788. 56 
1 | 6753.00 | (80c) | TILA | 14804.15 | atDs—z21F x, 
OP ix—y'Piss 
1 | 6744.20 | 1 14823. 47 |{ Up UE 
1 | 6732. 02 2 14850. 29 | b#Piys—y* Pixs 
1 | 6708, 07 4 14903.31 | a*Po4—z9Piy 
1 | 6693. 66 1h 14935.40 | b°3Gu—z?Gig 
1 | 6677. 82 i— 14970.82 | b4Fi4—y*Ghsg 
1 | 6662.38 | (1) IV A | 15005.50 |} b4F2y,—y'Gis 
1 | 6657. 62 1— 15016. 25 | b4Pox.—y*Piss 
1 | 6643. 79 (2) IVA | 15047.50 | b4Fs~—y!Ging 
1 | 6633.26 | (2) IIT A | 15071.38 | a®Gaye—y*Fixg 
1 | 6624.86 | (7) IIT A | 15090.49 | atPax—ztPiyg | (0? w1) 1.50 (0) 1.43b 
1 | 6623.51 | (8} IV A | 15093. 57 | b¢Faxc—ytGisg 
1 | 6607.82 | (3) TIL A | 15129.42 | a?Gsi—z?Gix< 
2 | 6606.445 | [0] 15132. 56 | a*Diy—2?Dixg 
1 | 6605.98 | (10) | TILA | 15133.63 | atPiys—z*Pixg | (0.43) 1.82, 2.12 (0.42) 1.28, 2.12 
1 | 6578.98 | (2) IIL A | 15195.79 | atDoy—z*Dix 
1 | 6568.73 | Ih 15219. 45 (Saat sects 
1 | 6565.88 | (3) III A | 15226.05 | a*Pox—z*Pixg | (0) 2.61 (0.02) 2.566 
2 | 6564.350 | [2 15229. 60 | a*Gsx—ytFixg 
1 | 6558.02 | (5) IIL A | 15244.30 | a2Ga—z2Gisg | (0.24) 1.11 (0.00) 1.135 
1| 6550.02 | (2) IV 15262. 91 (0) 1.08 
1 | 6543. 51 (5) TIT A | 15278.12 | atPi—z*Pirg | (0) 1.74 (0.01) 1.706 
1 | 6531.44 | (15) II 15306. 34 | atPa—z*Pirg | (0) 1.59 (0.09) 1.576 
2 | 6510. 076 | [—1] 15356. 57 | atDoy—z?Disg 
1 | 6508. 736 | (2) III 15359. 73 
1 | 6504.164 | (9) ITA | 15370.54 | a*Poy—z4Pixs | (0.47) 1.80, 2.20 (0.44) 1.27, 2.15 
1 | 6490.68 | (2) IV 15402. 46 | a?F2—y?Diss 
1 | 6488. 05 (4) IV 15408. 70 | a?F31,—y*Dixg | (0) 1.08 (0) 1.085 
1 | 6480. 52 2h 15426. 60 | y®Din—e®Pais 
1| 6466.97 | (2) TIT A | 15458.94 | a4Dixe—2*Dix, 
1 | 6452. 354 | (10) ILA | 15493.95 | atPys—ztPixg | (0) 1.48 (0) 1.516 
1 | 6450,947] (2) IV A | 15497.33 | b¢Fayg—z'Fixg 
1 | 6447.82 (3) IV A | 15504.84 | b'Fs1u,—ztF ix, 
1| 6445.14 | IV A j 15511.38 | b*Fo—ztFig 
1| 6438.08 | (1) IV A | 15528.29 | 62Gsis—v°Gixg 
1 | 6435.148 | (2) IIE A | 15535.37 | O'Fis—2tFin | (?) 0.41 (0.01) 0.38b 
1 | 6433.17 | (3) IIL A | 15540.16 | b'Fa—z'Fh | (0) 1.07 (0.09) 1.086 
1 | 6431.620} (4) TIT A | 15543.89 | b'Fsx—z!Fixg | (0) 1.22 (0.03) 1.225 
1 | 6430.471 | (5) Ill 15546. 67 | b'Fas—z*Fisg | (0) 1.32 (0.04) 1.32b 
1| 6424.96 | (1h) IV 15560. 02 | y*Dixs—e* Pag 
1| 6423.219| (1) IV A | 15564.22 | b4Fug—z!F ix 
1 | 6420. 23 1~ 15571.47 | b®Gus—v*Gixg 
1| 6418.71 | (1) IV A | 15575.16 | atGsx—z!Hixg 
1 | 6417.017 | (2) IV A | 15579. 27 le en! 
4 — 
1} 6411.26 | 1 15593. 26 |{ Pas SES 2 
1 | 6407. 07 2 15603. 45 | b'Dix—2?Dig 
1| 6405.961 | 1 15606. 16 |{ Ses AB, 
1| 6393.270} 2 Il 15637. 14 | atGex—z2tHis< | (071) 0.78 (0) 0.79 
1 | 6385. 62 1 15655. 87 | a*Gsss—z*Hisg 
1 | 63884. 46 lh 15658. 71 | y®Dix—e* Pax 
1} 6381. 26 2h 15666. 56 | y*Dix—f*Dass 
1 | 6379. 338 3 It 15671. 28 | a*Gsxs—24Hiss | (0) 0.97 (0) 1.02b 
1! 6374, 484 1 TIT A ! 15683.21 ' a*Gays—wtFisg ' (0) 0.64 (0) 0.64 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (2) (8) 
Zeeman effect 
. Int. Temp. ” Term 
Ref. Asir A arc class YvarCM 1 combinations 
Observed Computed 
2 | 6369. 217 |{—3) 15696. 19 big wt sg ee Pees 
aGus— “ F d 
1 | 6361250] 3 Ill 15715, 82 {¢ bn, 
6358.819 |} 3 III 15721. 85 | a*Gy—24His, | (0) 1.00 (0) 1.040 
1 | 6357.207] 4 I 15725. 61 | atHs4—y'Girg | (0) 0.80 (0) 0.80b 
1 | 6355.582| 1 II A | 15729.86 | atG—w'F ix, | (0) 0.90 (0) 0.900 
2 | 6354. 306 |{—1] 15733. 02 | b'F 13;—z'G4y,? 
1 | 6349.477| 5 Ul 15744. 98 atHog—1iGisg (0) 0.94 (0) 0.956 
44g 0° G4 
1| 6343.944] 1 IV | 15758. 71 {eDi—pre 
1 | 6340. 18 1h 15768. 07 | y’Dix—f*F as 
1 | 6339.000| 5 Ill 15770. 78 | a!Hs—y'Gixs | (0) 1.03 (0) 1.086 
2 | 6333.634 | [0] 15784.37 | a4Ha—y*Gis, 
1 | 6326.845| 6 III 15801.31 | a*Hex—y'Gix | (0) 1.09 (0) 1.106 
1 | 6324.675 | 2 lll 15806. 73 | a*Gas—w'F ix | (0) 1.11 (0) 1.060 
1 | 6321. 229 2 IV 15815. 35 eb. es (0) 1.54 (0. 41) 1.555 
aH ays—y'Gig 
1 | 6318. 367 tr IV A | 15822. 50 (epee 
1 | 6311.53 3 III 15839. 66 | y®Dix—f*F sx | (0) 1.06ws (0) 1.146 
1 | 6309.718| 1 IV 15844.19 | b!Day—2!Phg | (0) 1.34wi (0) 1.336 
2 | 6306.499 | [0] ed b'Fyg—2' Gis 
1 | 6304.334| 2 IV 15857. 72 VDiss— Fug 
4—W' Fxg 
1 | 6298, 69 tr | IVA | 15s71.93 if Heel 
1 | 296.518 | 15 1 | 1577.41 be ae (0) 1.50 (0) 1.460 
1 | 6292.858 | 20 15886. 64 | a*Dsu—z*Disg | (0) 1.52 (0) 1.476 
1 | 6286. 94 2 15901. 59 | y*Dix—f*F us 
1 | 6285.185 | 20 I 15906. 04 | a*Dayx—z2*Dirs | (0) 1.50 (0) 1.500 
1 | 6282. 36 2 III 15913. 21 | atGs—w'F ig | (0) 1.16 (0) 1.138 
1 | 6230. 93 2h 15916.82 | 24Fix—f'Fus 
1 | 6274.670| 15 I 15932. 70 at Diss—2Dis (0.60) 1.26, 2.49 (0.69) 1.18, 2.51 
aDiys— 2° Fig 
1 | 6268.841| 8 II A | 15947.51 (pes Orie 
1 | 6266.32 | 7 IL A | 15953.92 | a®Dax—z*Fisg | (0.25, 0.67) 1.41, 1.92, | (0.28, 0.70) 0.91, 1.37, 
2.39. 1.84, 2.31 
1 | 6261. 236 5 II A | 15966. 88 pe eee ag re i 3.06 ion oe, Sa 
fa®Dow—2°Disg 0) 3. .05) 3. 
1 | 6258.595| 8 IT A | 15978. 62 |{iqus— wari) 
1 | 6256.906| 8 II A | 15977.92 | a*Day—z"Diy | (0) 1.61 (0.07) 1.606 
i | 6251.83 | 30a I 15990. 89 | a*Day—z*Dix | (0) 1.55 (0.09) 1.546 
1 | 6249.30 | ¢r IV A | 15997.39 | b'Fuc—z!Gis, 
1 | 6247.544| 2h 16001.87 | b'Di—2'Pixg 
1 | 6245.214| 2 IL A | 16007.84 | a*Doi—z*Fixg | (1.94) 1.47 (1.86) 1.426 
1 | 6243. 49 3 IIL A | 16012.27 | a'Dsy—z2°Pixg 
1 | 6243.11 | 30a I 16013. 24 | a*Day—z*Dixg | (0) 1.5402 C (0.09) 1.546 
1 | 6242.80 | 15 I 16014. 04 | a*Dox—z*Diss | (0.80) 0.96 (0.77) 0.99, 2.53 
1 | 6240.137| 6 IZ A | 16020.86 | a°Diys—z*Fixg | (1.05) 0.85, 1.51, 2.12 (0:34, 1.02) 0.80, 1.48, 
1 | 6238.22 | tr IV 16025. 80 | 'Day—2*P tx 
1 | 6236.278| 1 IV 16030. 78 Fis Pi (oP, D) 1.024 A (0-12 1.01b 
a@Da<— Mg 74) 1.4403 is d 
1 | 6233, 187] 12 IA | 16038. 73 (Canin Pa) 
a*Di— 2°Disg 
1 | 6230.736 | 30 I | 16045. 04 (tt fP on 
@Uaxs— be] 
1 | 6224.507 | 15 I 16061. 10 eDon— ‘ 
1 
1 | 6221.216| 1 III A | 16069.59 | atDay—z2*Pixg | (0.55)? (0.49, 148) —0.13, 0.36 
1.85, 2. 
1 |*6218.328 | 3 IV 16077.06 | z2*Fix—f'Fas | (0) 1.32 (0.07) 1.32b 
6216. 368 | 30 I 16082. 12 | a*Dayg—z*Disg | (0) 1.45 (0) 1.443 
1 | 6214.743 | 1 IV 16086. 33 
1 | 6213.874 | 15 I 16088. 58 | a*Dus—2*Fixg | (0.45) 1.48 (0.52) 1,450 
2 | 6207. 251 (3 16105.75 | a*Dug—2°F ing 
2 | 6200.644! [0 16122, 91 | a(Day—2*Ping 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Int. | Temp. s Term Zeeman effect 
Ref.) Asir A arc class | ”**°°™ | combinations 
Observed Computed 
ae 
9 aD34—2°Disxg | (0) 1.47 (0) 1.586 
1 | 6199. 202 | 30 I | 16126. 65 (Gate Gt) 
1| 6190.490} 1 III A | 16149.35 | a*Do4—z*Pixg | (1.17)? (1.09) 1.606 
1 | 6189.350| 3 ILA | 16152.32 | a*Dax—z°Fing | (2) 1.00w2 A (0) 0.876 
1 | 6184. 93 lh 16163. 87 | z°Diw—f*P2. 
2 | 6184. 026 }{—1?] 16166. 23 | b4Fyys—z1Giug 
1 | 6181.841 | 1 III A | 16171.95 | a*Diy—z°P hig 
1| 6170.340] 8 IA | 16202.09 | a*Da—z*Fixg 
2| 6161.913 | [0] 16224, 25 | atF2—z°Ghy 
2 | 6157. 763 | {1} 16235. 18 | atDox—z*Pisg 
2| 6152.416 | [1] 16249. 29 | at 34—z6G3xq 
CIR 4 a4 Diy — 2° Pig 
2| 6151.509} [1] 16251. 68 (Dessert 
1 | 6150.132 | 15 I 16255. 33 | a®Da—z8F ig | (? ws D) 1.1503 A (0) 1.186 
1 | 6135.36 | 15 II 16294.47 | atDug—z4Pés¢ | (0.68) 0.51, 1.80 (0.67) 0.52, 1.87 
1 | 6135. 07 2 IIL A | 16295. 25 | aGy—z2F ing 
2 | 6128. 543 [0] 16312. 58 | a4Fa4—z°Girg 
1 | 6128. 30 2 IIL A | 16313. 24 | atDisy—y® Fig | (0.88) 0, 2.12 (0.89) 0.31, 2.08 
1 | 6119,505 | 40 I 16336. 68 | a4Do4—z4Piiz | (0.19, 0.55) 0.81, 1.20, | (0.18, 0.54) @.81, 1.17, 
1.56, — 1.54, 1.89 
1 | 6111.622 | 25 II 16357.75 | a4Doy—z4Pirg | (1.27) 1.27 (1.27) 1.276 
2} 6110.214| [3] 16361. 52 | at Fiyg—z°Girg 
2} 6109.176 | [1} 16364, 30 | at Fag—z°Girg 
1 |°6106.967 | 2 III A | 16370.23 | a?Gug—z?F iq | (0) 1.02 (0) 1.346 
1 | 6104. 669 tr IIT A | 16376.38 | a*Dox—y'Fixg 
1 | 6097. 42 1 16395. 86 | a4Day—y°Fixg 
2| 6093.866 | [3] 16405. 42 | atFs—2°Gix 
3 | 6090.515 | —3 16414. 44 | atDoxs—y Fig 
1 | 6090.184} 50 I 16415. 33 | a*Dsxg—24P ig 
2 | 6089. 473 [3] 16417. 24 | atDey—y* Firs 
1 | 6087.485| 1 IIIT A | 16422.61 | atDix—y®Fixg 
1 | 6086. 55 2 16425. 14 | atP24—ytDix 
2 | 6082.789 | [2] 16435. 29 | a*F2.—20G3i, 
1 | 6081.421-| 25 I 16439. 00 | a!Diys—24Pixg | (—, 0.79) 0.90, 1.45, | (0.25, 0.77) 0.94, 1.45, 
1.99 1.96 
2| 6077.367 | [2] 16449.95 | atFi—z*Gixe 
1 | 6067.245] 1 III 16477. 40 | b?Gsis—22Hixg | (0) 0.94 (0) 0.926 
1 | 6063. 372 tr | IILA | 16487.92 | atHsu—ztGii, | (0) 0.76 (0) 0.806 
1} 6058113] 5 ILA | 16502. 23 | atDoxs—z#Pirg | (0.83) 0.86, 2.56 (0.85) 0.85, 2056 
1 |*6054.445 | 2 16512. 24 | b°Gax—tDixe | (7) 0.90 (0) 0.686 
1} 6048. 636 tr III A | 16528.10 | atPa—ytDirz 
1 | 6039.690 | 25 I 16552. 57 | atD24—2tPig | (0.51«2B) 1.46w2C | (0.52) 1.47b 
1 | 6025.384 | 1 III A | 16591.87 | atHsx—z2IGhg | (0) 0.92 (0) 0.92b 
1} 6024161} 1 16595. 24 | 22°F ix—e2F 4 
1 | 6021. 725 tr IV 16601. 96 (0) 1.04 
1 |>6017. 90 tr IIT A | 16612.51 | a*Pi—y*Dirg | (0.74) 0 (0.74) 1.436 
1 | 6016. 093 1 IV 16617. 50 | 0°Ga4—z?Hig | (0) 1.05 (0) 1.086 
1 | 6008. 648 tr IIL A | 16638. 08 | atPoxs—y*Diug | (1.41) 1. 24. (1.32) 1.266 
1} 6002601} 4 IL A | 16654.84 | a*Dix—etPixg | (?) 2.0801 (0) 1.896 
1} 6002273 | 2 ILA | 16655. 76 | atPa—ytDixg | (0) 1.16 (0) 1.196 
1} 5084.602| 1 ~ | TILA | 16704.93 | atPou—yDixg 
1 | 5980.748 | 2 IIL A | 16715.70 | a*Pig—ytDixe | (0) 1.02 (0) 1.076 
1| 5078.881 | 2 III A | 16720.92 | atHs—z'Gixe | (0) 1.02 (0) 1.018 
1 | 5975.323 | 2 16730. 87 | 2?F ix4—e?F a 
1 | 5924560} 2 IIL A | 16874. 23 | atHex—2'Gix, | (0) 1.11 (0) 1.126 
1 | 5879. 41 1— 17003. 82 | y®Fix—e%Gsy 
1 | 5863. 16 tr IV A | 17050.94 | a*G24—ttF ix, 
1 | 5858, 13 lh 17065. 57 | y®Fisg—e®Garg 
4 | 5855. 49 tr IV A | 17073.27| b4Fin—wtFix 
4 | 5853. 75 1 IVA | 17078.34 | b¢Pi4—2'Disg 
1 | 5850.286 | 2 IIT A | 17088.46 | b*Poxs—z'Dixg | (0.56) 1.52 (0.55) 1.426 
1 | 5846.306 | 8 Ill 17100. 09 | y°Fix—e®Gog | (0) 1.18 (0) 1.186 
2 | 5839. 357 Oh 17120. 44 | b4Fas—z*Dixg 
2 | 5839.043 | [1] 17121. 36 | y°Fix—e®Gayg 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
() (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. # Term 
Ref.| etr A are class | "**°™"" | combinations 
Observed Computed 
1 | 5830.719| 7 III 17145.80 | y*Fix—e*Gsg | (0) 1.10 (0) 1.126 
1 | 5826. 59 1 III 17157.96 | b&Fox<—wt Fix, 
1 | 5817.532| 5 Ill 17184. 67 | y®Fig—e®Gasg | (P02) 1.0002 (0) 0.986 
1 |*5817.063| 3 Il 17186. 05 | b'Pug—z*Dixs | (0.79) 0.77 (0.26, 0.77) 0.91, 1.42, 
1| 5814.76 | 1 IV | 17192.86 | atGug—vtFixg y 
1 | 5807. 14 3 II 17215. 44 | y®Fi—e*Gtg | (7) 0.87 (0) 0.896 
1 | 5798.905| 2 IV 17239. 87 | y*Fiyx—e*Gn 
1 | 5797.352| 1~ 17244. 48 | y®Fbig—e*Gisg 
1 | 5790533] 1 IIL A | 17264.80 | DF y34—wtF ing | (0? wD) I 1.13 (0.12) 1.206 
1 | 5788.549| 3 III 17270. 71 mF os— Dig (1.31) 1.39 (1-28) 1 34d 
G34 —ft Fg . 
1] 6786.153] 7 =| | 17277. 86 {AGILE [hor wid) 0.08m.A —_|{{9} Top 
1 | 5784. 360 5 III 17283. 22 | 2tGix—fiFasg | (0? wD) 1.12014 (0) 1.045 
1 | 5783.509| 9 Il 17285. 76 | z*Giu—ftF ig 
1 | 5782.842| 1 IV 17287. 75 | atGs—oFi 
1 | 5782601} 2 TIT A | 17288. 48 (fps —epae 
1 |*5776.670| 4 IIA | 17306.23 | atDsyp—z!Ging | (1.41) 0.91 (1.89) 1.156 
1 | 5772.402| 6 II 17319. 03 | b¢Pag—2tDixg | (0? w2D) 1.1202 (0) 1.116 
1 | 5770.55 3 17324. 60 | y*Fix—f*Fs | (0) 1.42 (0.09) 1.406 
1 | 5770. 02 th 17326.19 | 2®Pi¢—e9Pasg 
1} 5761.411| 2 III A | 17352.06 | atDay—y'Fixg | (0.58, 1.32) 2.91 (0.47, 1.40) --0.05, 
0.89, 1.82, 2.75 
1 | 5755.085| 3H 17371. 13 
1] 5752.711] 3 III 17378.30 | b'Pox~ztDts | (0. 60) 6. 0.47, 1.97 (0.72) 0.48, 1.88 
1 | 5750.643 | 2 Il 17384. 55 DR o4— wl (0) 1 (0.06 ‘ai 
“ 4—T'Disg 
1 | 5748860] 4 mit | 17380. 94 |{ OPH HCO) a {@ “Fyn 
1| 5748412] 1 17391. 30 | 6°Pi—y? Pty 
1 | 5747.706| 2 I 17393.43 | b*Hs—z*Giyg | (0) 1.06 (0) 1.1 
1 | 5743.438| 18 I 17406. 39 | a*Dax—y*F iss | (0.78 ws D) 1.26 w2 A | (0.71) 1.276 
1 | 5737.040 | 25 Ul 17425.77 | atDax—y'Fhi | (0.56, 0.85) 0.49, 0.85, | (0.19, 0.56, 0.88) 0.42, 
mh 1.18, 1.55 0.79, 1.17, 1.54, 1.91 
a?Fy4—Z23Gig 
1| 574.00} 5 © | TIT | 17436, 00 |{ WEs*— 218s Hho) 0.94 
1 | 5733.403| 1 IV 17436. 82 | z*Pix—e*P aig? 
1 | 5733.009] 1 IV 17437. 74 | b*Hus—z?Ghys | (0) 0.94 (0) 1.016 
1 | 5731. 257 | 30 II 17443. 35 | a*Dog—z?Gixg | (0.20, 0.64, 1.07) 0.72, | (0.22, 0.65, 1.08) 0.16, 
1.14, 1.59 0.27, 0.70, 1.14, 1.57, 
2.00 
4 | 5729.89 tr. IV A | 17447.51 | atDiy—y*Sixy 
1 | 5727.662| 20 II 17454.30 | atDiuc—y'Fig | (0. 37, 1.17) 0, 0.82, | (0. 39, 1.16) 0.03, 0.81, 
1 | 5727.024| 60 I 17456. 25 | a*Dsy—y*F his (Pos D) 0.94 ws C ‘| (0) 0.950 
1 |>5725.633 | 6 Il 17460.49 | a?Fuc—2°Gix, | (0) 1 (0) 0.896 
1 | 5720.578| 1 17475.92 | 2'Gi—f'Fas 
1| 5716.219| 3 IV 17489. 24 (0) 1.16 
1 | 5713.682] 1 17497.31 | b'Pi—z*P ts 
1 | 5711.92 1— 17502. 41 | atGsxu—!Dix 
1 | 5708.959| 2 III | 17511.48 | b*Pis5—z*™Diig | (0) 0.98 (0) 0.956 
1 | 5707.765| 1 IV 17515.15 | b*Has—z*Girg 
1 | 5706.973 | 30 I 17517. 58 | a'Dox—y*F ix | (0.25) 0.22, 0.59 (0.21) 6.21, 0.63 
1 | 5706.135| 2 IV 17520. 15 
1 | 5704.374| 2 IV 17525. 56 
1 |°5703.562 | 40 I 17528.06 | a*Dus—y!Fixg | (23 D) 0.94 (0) 0.826 
1 | 5698.509 | 60 I 17543. 59 | a'Da—p'F ix 
1 | 5691. 125 1 IV 17566. 36 | z*Pix—f*Dass 
1 | 5687.764| 1 IV 17576.73 | 0®Py34—22F fc 
2 | 5683. 658 1 17589.43 | b'Fas—y*Girg 
1 | 5683. 230 2 Ill 17590. 76 
1 | 5676.529/ 1- 17611. 52 | 6*Poy—z*Dixg 
1 | 5670.827 | 30cm I 17629. 23 | atDsy—2°Gixg 
1 | 5668. 369 12 II 17636. 88 eDa~Das (0) 1.48 (0) 1.456 
1| 5665.246| 1 IV | 1764653 { ast 
1! 5658. 432 a 17667.84 | 2Pix—f*F us 
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TABLE 1.—Are spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Int. | Temp. EA Term Zeeman effect 
Ref.| Yair A arc class | ”****™2| combinations 
Observed Computed 
1| 5657.449| 12 IX | 17670.92 | a‘Da—y*Dty, (ow) 1.4901 (0) 1.485 
1 | 5656.895| 1 IV | 17672.65 | b*Pox—y*Pirg | (0) 0.75 (0.04) 0.706 
1| 5656.29 | 2h 17674. 55 | a*F4—z2!Dhys (0.50) 0.93 | (0.59) 1.006 
1| 5652.030| 1 17686. 61 0) 0.9320; 
1| 5651.50 | 1 IV | 17689.53 | 'Pox—z?Pixg 
1 | 5646.112 | 10 II | 17706.40 | a*Dys—y'Diig | (0.60) 0.60, 1.80 (0.63) 0.57, 1.82 
1 | 5643.363 | 1h 1715.08 | 2Pix—[!Dag 
1 | 5635.516| 8 1739.69 | a*Fs—2*F ing | (0) 0.8701 (0.07) 0.885 
1 | 5633.900| 2 1774.77 | a?Fu4—w'Giiss | (0.38) 1.09 (0.24) 1.105 
1| 5632469] 1 ILA | 1749.30 | atFas—2Disg 
1 | 5627.628 | 30 I | 17764.55 | a*Da—o'Disg | (Or) 1.420 (0) 1.396 
1 | 5626014] 8 II | 1769.65 | a‘Dox—y'Dixz | Unaffected (0.03) 0.03 
1 | 5624.805 | 10 I | 1773.19 | atDug—y'Dirg | (0) 1.20 (0.08) 1.186 
1 | 5624. 605 | 20 I | 1774.11 | atDay—y'Dig (0) 1.36 (0) 1.346 
1 | 5624.223 | 2 1775.31 | 6*Pos—y*Pig | (0) 1.46 (0) 1.428 
1| 562.075 | 2 17782.09 | atElas,— 20Elbs | (0) 0.67 (0.09) 0.660 
a*tisyu— M4 
1 |»5620.46 | 1h 17787. 20 |{ Faces agree] (0-38)? ws (O71) 1.200 
1| 5619.56 | 1 1790.08 | a*Day—y"Dig 
1 |»5616.66 | 1 17709. 27 | BiH og— WAGs | (0) 0.76 (0) 0.656 
aras— iss 
1| 5610.20 | 1 17819. 75 |{ Gps IGS 
1| 5604.943| 8 IT | 17836.46 | atDox—v'Disg } (0.58) 0.60, 1.81 (0.8) 0.58, 1.15 
ag P26 .44) 0. 
1| 5604.205] 1 Iv | 17ess.a1 |{ MeeVee \(0) 0.97 {(0.18) 0.960 
1| 5601.380] 2 IIL | 17847.80 | a*Fs—z*F'ing | (0.27) 1.0800 (0.27) 1.100 
1 | 5597. 822 1 IIT A | 17859. 15 oDa—e bp 
att sK— ted 
1 | 5592.962| 1 1 A | 17874.67 |{ Suns EiCes 
1| 592.409} 12 I | 1787644 | atDis—y'Ding | (OP: D) 1.500: A 
1| 5588487] 1 TLL A | 1788898 | atDug—v*Dbs | (0.48) 1.55003 © o 1. 49b 
1 | 5586.007| 2 TIL | 17896. 92 | atHas—24Hisg aT (0: 1) 1.105 
1 | 5584.738 | 3 17000.90 | atEinn—aHie | (0) 117 (0.16) 1.206 
1 | 5584.490 | 10 I | 17901.78 | a*Dass—y'Ding | (0) 1.50 (0) 1.498 
1| 5582.638] 1 17907.72 | a*Day—z'Disg (0) 1.16 (0) 1.176 
1| 5579.35 | 1- 17918. 27 1.02 
1| 5578400] ih 17921. 33 | a*Dig—y*Dixs | (1.06) 0 (1.02) 0.17, 2.22 
1| 5576.510| 2 17927. 40 | a‘Day—y*Ding 
1| 5573.992] 1 IL A | 17935.50| a*Fys—z*Fisg | (0) 1.110 (0) 1.10b 
1| 5565.93 | 1 17961. 48 | a‘Dug—p*Disy | (Pui) 1.60 (0.94) 1.526 
1| 5561.670| 2 IIT A | 1797524] a®Pog—z*Sig | (0.81) 1.47 (0.83) 1.47b 
3 | 5560.56 | —2 17978. 82 | atFix—z*Disg 
1 | 5558. 752 3 lr 17984. 67 (opt ant, (0.58) 0.63, 1.74 (0.55) 0.65, 1.75 
1| 5557.453 | 1 ILA | 17988.87 | atFaxg—z*Dirg | (0.38) 0,— (0.38, 1.13) —0.12, 
0.63, 1.38, 2.14 
1 | 5547.080| 8 IL | 19022. 51 | @tDag—y*Ding | (OP) 1.78 (0) 1.690 
1 | 5545.933 | 2 HIE A | 18026.24 | atDayg—y*Dbs | (Otw: D) 1.97; B? | (0) 1876 
4| 5544.80 | 1 18029. 64 | atDis—y"Diig 
4| 5542.69 | 1 IL A | 18036.77 | atFag—z*F ig | (0) 0.96 () 0.91 
1 |95535.382} 1 18060, 60 | atFag—z*Dix, | (0) 1.14 1.24) 1.306 
1| 533.833 | 1 IV | 1065.65 | b8E¢—y*H 8, | (0) 1.00 (0) 1.080 
1| 5527.72 | 1 18085. 63 | a*F144—2*Diig 
1 | 5517.198 | 1 ILA | 18120.13 | a*Fig—29F fg | (0.42) 0, 0.79 (0.42) —0.02, 0.82 
2 | 5516. 807 fa 18121. 40 | atFa4—z°F ing 
2| 5515.371 | [4 18126.12 | aFy44—2°Dig 
1| 5515.083} 1 ITA | 18197.08 | atFog—24Pisg | (0) 1.75 (0) 1.730 
1] 5511181] 1 IV | 18139.91 | btHng—24ig Cn D) 1.69u2 B ‘| (0) 1.550 
1| 5508.610| 1 18148. 37 | aF24—29Gis | (0) 1.19 (0) 1.156 
1} 5807.78} 8 | TIE | 1su5i. 22 {hos —wiis | (Own D) 0.76 ss de 
1 |*5505. 881 | 1 18157. 37 | b!Hus—y*Hiss | (0.45) (0.67) 0.826 
1 | 5504838 | 2 TI | 18160.81 | aPys— (0.52) 0.70, 1.71 (0.50) 0.70, 1.70 
2 | 5500. 816 fa 18174. 09 | atFiy4—2°F hg 
2 | 5496.020 | [3 18189. 94 | atFs4—2*F ig 
1 | 5489, 2 III | 18210.09 | a!Dus—2Piig (or 1.03 ( 1.080 
1 | 5487,915 | 10 TI | 18216.81 | b*Hss—v9Girg | (0) 1.14 0) 1.150 
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—Arc spectrum of vanadium (V 1)—Continued 
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(2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. oa Term 
Aair A are class | ”¥*°°™" | combinations 
Observed Computed 
5487.220| 2 III 18219. 12 | a?Dax—z?Pixg | (0) 1.14 (0) 1.136 
5482. 471 | [1] 18234.90 | atFo4—z*F ius 
5467.792 | 2 18283. 86 | a?Fys—v?Gi | (0) 0.92 (0) 0.896 
5463.996 | 1 18296. 56 (2? D) 1.5402 B 
5458133 | 1 IV 18316. 20 | a?F2,—w?Fixg | (0) 0.85 (0.04) 0.856 
5454.822 | 2 18327. 32 y (0) 1.28 i ad 
a in Sa 4 4 Faus—wi Dix, |) 1.12 
5450.68 | 1 18341. 25 |{ Pres Maso |}(0) 1.16 (ites 
5445. 86 lh 18357.48 | b4Fag—wtDisc | (2w2 D) 1.220; A? (0) 1.246 
5443.235 | 2 18366. 33 | z4Din—f'F as 
5437.659 | 1 IV 18385.18 | b?Hs—z%Iiig | (0.79?) 1.06 (0.63) 1.016 
434.168 | 3 IV 18396. 98 | a2F34—w?Fixg | (?1 D) 1.10w: B? | (0.18) 1.115 
5429. 484 2 18412. 85 (arent fre, D)e oon 
‘ @F x6—wiDisg | (0? w1 93 (0) 0.958 
5424.106 | 4 III 18431. 11 |) aatqsyc— 28H ing 
5421. 654 1 18439. 45 | 24Dix—ftFus 
5420.040| 1 18444. 93 (O?w: D) 1.56 
5418.076 | 2 IV 18451. 63 | 6?Hye—w2F 3x, | (22 D) 0.5203 A (0) 0.616 
5415.277 | 10 Ill 18461. 16 | b?Hs—z*lixg | (0?) 1.06 diffuse (0) 1.005 
5401.945| 8 III | 18506. 72 (Seaet— aie (? w D) 0.97 (0) 1.016 
. 0. 4 b'G354—0? Fis, f We 94 A 
65397.873 | 1 {Vv 18520.68 | 24Dixg—fiFisg | (0.21) 0.58 (0.25) 0.21, 0.71 
¢5393.185 | 10Fe | IV 18536. 78 | a?Huss—z*His, 
5388.296 | 1 III 18553.60 | z4Dix—f‘Fox, | (0?) 0.87 diffuse (0) 0.905 
5385.134 | 3 Ill 18564. 50 | 24Dix—ftFus | (Ow; D) 1.1401 B | (0) 1.126 
25383.436 | 2 IV 18570. 37 | 24Diig—f*Fxg | (0?) 1.07 diffuse (0) 1.065 
5363.530| 1 18639. 27 | asH514~-2*Hisg 
5353.420| 5 lll 18674. 47 | a?F34—w?Di| (0) 1.08 (0) 1.085 
5338. 61 1 18726. 28 | a?F 24—w?Dix 
5335. 588 | 2h 18736. 89 (2w2 D) 1.10, 
5334.309| 1 18741. 37 | b?Has—v?Ghy, 
5330.425 | 1 III A | 18755.02 | a*Dsig—z4F ix, 
|>§329,281 | 1 18759.05 | b*Fus—v'Fixg | (0) 1.36 (0.37) 1.360 
| 5328.823] 2 18760. 66 | ZF 3.—e8Darg | (? w2 D) 1.29 w2 C? | (0) 1.286 
| 5319. 087 | 2h 18795. 00 | b¢Pig—w*Dirg?} (0) 0.82 wi A (0) 0.738 
| 5316.885 | 2 18802. 79 | b'Pos—vtFiiz | (0? w: D) 0.33 13 A | (0) 0.388 
65315.219 | 4 18808. 67 | z*Fixc—e®Dag | (? we) 1.10 w2B (0) 0.926 
5314.462 | 2 18811. 36 | a3 Dow—y?Girg 
302.157 | 5 18855. 02 | 2°Fixg —e*Darg | (0) 1.48 
5294. 04 3h 18883. 92 | z°Dis—e®Daig | (0) 1.28 (0) 1.248 
5290.724 | 2 38 (0) 1.20 
5290. 289 | 2h b'Pus—etPixg | (0) 0.75 (0) 0.788 
5287.640| 5 (0) 1.00 
5282.516| 1 IV 18925.13 | z°Dix—e®Dox | (? we D) 1.4701C (0) 1.500 
5261.910| 2 18927.30 | z8Fix—e*Das, 
5280.435 | 2h 18932. 58 | a?Dox—y?Fixg | (0) 0.82u; (0) 0.968 
65275. 69 2h 18949.62 | z°Fix—e®Dssz | (0.61) 1.27? (1.08) 1.466 
5272.697 | 1 IV 18960. 36 | z°Dixs—e®Disg | (ey) 1.38001 (0) 1.366 
5271.049| 1 IV 18966. 29 | a?Pi4—z?Pisg | (0) 1.22 (0.03) 1.216 
5270. 35 3d? 18968. 81 | 2°F$4—e*Dorg 
2Guu—vFS ?) we 
65266.118 | 4 18984. 05 (Seesaw (0?) we D 1.08 (0) 1.286 
5264. 34 2h 18990. 47 | z°Din—e®Do | (0? we D) 1.04 (0) 1.108 
5260.978 | 1 IV 19002. 61 | z°Diis—e®Dasg | (0) 1.56 (0.26) 1.526 
5260.350| 3 19004. 86 (0) 0.79 
5258.162| 1 19012. 77 | a?Diy—y*Fix5 | (0) 0.68 (0) 0.678 
5256. 24 1h 19019. 72 | z®Diy—e®Daxe | (0) 1.58 (0.24) 1.60b 
5248.593 | 1 19047.44 | b4Pas—vt D316? 
5240.878 | 9 lI 19075. 48 | b°Hs~—z*Hfg | (0) 1.11 (0.09) 1.096 
§240.198 | 1 III 19077.95 | 2°Fixz—e*Fyxs | (0) 1.56 0) 1.396 
5234.088 | 8 III 19100. 22 | b?Hs—z*Hixg | (0? wi D) 0.89 0.11) 0.906 
5233.752| 2 IV 19101.45 | z°Fix—e®Fy5 | (0) 1.59 0) 1.558 
5227.592 | 1h 19123.96 | zDiu—e*Dai, 
65225. 767 3 iI 19130. 64 | z2°Fixg—e*Foy | (0) 1.52 (0) 1.26b 
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Mew | First Spectrum of Vanadium 141 
TABLE 1.—Are spectrum of vanadium (V1)—Continued 
w} @ (3) (4) (5) () (7) (8) 
Zeeman effect 
? Int. Temp. eae Term 
Ref.| air A are class | ”"**°™" | combinations 
Observed Computed 
1 |°5223, 636 } * 19138. 45 eDis—etDasg (0) 151 (0) 1.34 
5216.595 | 19164.27 | #Fi—e8F yx, 1. 628 
: 213. 651 1 Ill 19175. Jo b'Pag—v'Diig (Ov) 1-140 (0) 1.116 
5212. ’ 
i | 6207.683 | 3 19197.07 | b*Hys4—zH3y | (0) 1.53 (0) 1.536 
2°F is—e8 Fors " 
, mene : I — { ot les jon an (0.93) 0.21, 2.07 
| | 5195304] 5 III 1924248 | 2°Fis—eF ys, | (0) 1.42 (0.15) 1.806 
| 514.824] 10 | TIE | 924d. 50 |{ Eee Es |) 1.55 (oes tae 
1 | 5193.626} 1 Ill 19249.03 | 2°Fix—e®Fus | (0?) 1.12 (0.13) 1.096 
1 |°5193.004 | 7 III 19251.32 | 2°Fix—eoFug | (0) 1.45 (0.45) 1.47 
; | 492.022] 1 IV 19254.98 | 2°Fix—e*Foug | (ws) 0.57 (0.14) 0.58 
i 5190. 684 1 19259. 94 DH 4— 21H ss (?) 1.10 (0.13) 1.10 
5188. 88 % bt Pirs—vI Ding 
: 5182.828 | 1 IV 19289. 13 | z*Disc—e® Fox | (1.93) 1.22 (1.96) 1.246 
1 | 5180752] 1 IV 19296. 86 | z°Dir—e*Fug | (1.10) 0.68, 1.89, 2.15 (0.36, 1.07) 0.69, 1.40, 
1 | 5179.800]  1— 19300. 41 (0) 0.66 te Be 
1 | 5179.100} 1 IV 19303.02 | z°Fixs—eFusx | (0.75) 1.77 (0.74) 0.30, 1.79 
1 | 5178554] 1 IV 19305. 05 | 2°Dix—e®Faz | (0.71) 1.552 (0.61) 1.446 
1 | 5176781} 4 lI 19311. 67 (2w3 D) 1.03 
1 | 5176494] 3 19312. 74 | z°Die—e8 Fass 
5174.533 | 2 19320.05 | z°Dix—e®Fise | (0.43) 1.56w1 (0.45) 1.496 
1) 5172.110| 3 19329.10 | 2*Fis;—e*Fag | (0) 1.47 (0) 1.42 
; 5169.944| 1 ill 19337.19 | 2°Diis—e®F xg | (1.01) 0, 2.00 (1.08) 0.03, 2.12 
1 | 5166789) 1 IV 19349.01 | b*Pi—o'Die | (2wiD) 0.90w2A (0) 0 98b 
1 | 5164892] 4 19356.11 | 2°F%4—e°Fy< | (O?w2D) 1.48 (0) 1.463 
1 | 5159.350| 3 III? | 19376.91 | 2°Dix—e®Fa | (0.25, 0.73) 0.60ws A (0.23, 0.69) 0.61, 1.07, 
1 |*5157.026 | 3 19385. 64 | z°Fix—e%Fus | (0) 1.50 (0) 1.696 
1 | 5148.724] 4 III? | 19416.89 | 2°Diy—e®Fug | (?w2 D) 0.982 A (0) 1.02b 
1 | 548.428 | 2h 19418.00 | 2°Fis—e®F 51g 
1 | 6139.536 | 6 19451.61 | a?Fys—u?Giyg | (2201 D) 0.86 (0) 0.736 
1 | 5138. 431 5 III 19455. 79 2D ing— eo Firs (?22) 1.18 wi (0) 1.206 
1 |*5137.591 | 1 19458. 97 | b4Poss—vtDisg | (0.73)? (0) 0.66 
1 | 5128.530| 7 III 19493.35 | 2°Dixc—e%Fssg_ | (0?w2) 1.5802 (0) 1.455 
1 | 5105.171] 2 TIT? | 19582. 54 (0) 0.96 
1 |*5086.847 | 1h 19653. 00 (op tara \(0) 1.3901 4 py gg 
1] 5075.672| 2— 19696. 35 | a'Gssg—wtGirg | (0) 1.27 (0.04) 1.265 
1 }*§073.188 | 1— 19706.00 | a'Gsss—w'Gig | (0) 1.03 (0.30) 1.016 
1| 5070. 622 1 19715.97 | atGyc—w'Ging | (0) 1.17 (0.11) 1.166 
1} 5064. 131 3 Vv 19741, 24 (0) 1.06 
1| 5051.607| 2 IV 19790.18 | B°'Gus—i?Gii¢ | (0) 0.92 (0.12) 0.886 
: 5047. 240 1 III A | 19807.30 Sasa (0) 1.05 (0) 1.076 
5046. 806 1 19809.00 | a*Gsy—z? Fixx 
1] 5043.510 | 1—h 19821. 95 ; UP ng—w Dig 
. eet 1K 
1} 5032.956 | 1h 19863. 52 |) p27 555 —p?Tivg 
1 |>5024.162 | 1h 19898. 28 | b8Chug—otHig | (2) 1.15u0 (0.80) 0.90 
1) soi.620] 6 | TIT | 19986.14 |{ BGS BEE |(0) 1.05 { (0/06) 1.080 
! 5010.018 | 1 19954. 46 iP v4—utDis (0) 0.98 (0) 1.056 
5006.393 | 1— 19968.91 | a*Gsy4—y?H ix 
1} 5005.615 | 2 19972.01 | a*Dix—y?Dig 
1} 5002.320| 4 IV 19985.17 | b4Hus—y'ltsg | (O?wsD) 0.94 (0) 0.946 
2} 4995.019 | [8p?] 20014.37 | b4Poxs—utDixx? 
1| 4991.824 | 1— 20027. 19 | @ 1.18 
1 | 4984.528 | 1— 20056. 50 | b°Gus.—v*H is, 
1| 4981.726 | 1— 20067. 79 (0) 1.17 
1 | 4966.128 | 2 IV 20130.84 | 24Diis—e'Fung | (0) 1.15 (0) 1.00 
1| 4957,048} 2 20166. 25 |{ ¢ Pus—wtD ig 
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3) _| @® (6) (7) (8) 
Zeeman effect 
Int. | Temp. oi Term 
Aair A arc class | "*°°"" | combinations 
Observed Computed 
4944.996 | Ih 20216.83 | @Gas—zrtFixs 
4944. 415 1— 20219. 22 | a*Pox—vtFix, | (0) 0.94 (0) 0.92b 
4942. 802 1 IVA | 20225.82 | atGa—w* Fix, | (0.85) 1.01020 (0) 1.116 
4935. 101 1 20257..37 | b?Gus—t*Gix 
4933. 616 1 IV 20268.47 | a?Fs—utF ix? (0) 1.10 (0.21) 1.18b 
4932. 029 4 III A | 20270.00 | atPox<—y'Pi 0) 1.62 (0) 1.416 
4927. 733 i— 20287. atGox—w' Fig 
4925. 657 10 Ill 20296. 22 | a*Ps,—y'Pixx, | (0) 1.62 (0.26) 1.616 
4923.785 | 1 20308.92 | b°Gss—w*Fixg | (? wiD) 0.95 (0) 0.918 
4922. 379 4 20309. 72 | z?Dix—e?Fs (? wa D) 0.95 (0) 0.996 
4918.980} 2 20323.76 | a*Gsx—y*His 
>4916.265] 2 IV 20334.99 | a*Gyx—y*Hixs?| (0) 0.91 (0.33) 1.09b 
4913. 093 2 20348. 11 (? we D) 1.19 
4909.18 | 1 20864, 32 {cantor 
4908. 684 1 IV A | 20366.40 | a?Pi.—v'Fix | (0) 1.01 
4906. 90 1— 20373. 82 | atGax—v'Gixg 
4906, 718 1 20374. 55 | b°Gyx—wFix 
4905. 84 tr IV A | 203878. 22 
4904. 875 3 IV 20382. 20 (0) 0.78 
4904.447 | [7] \un d 4 97 | atGux—y*His 
4904. 350 {9} 20384. 39 | at*Gsxs—y*Hixs 
4904, 285 8 20384. 66 | a*Pius—y'P iss | (0) 1.17 (0) 1.228 
4900. 624 6 IV 20399. 89 | at*Gyx—y*Hing | (0? w; D) 1.11 (0) 1.216 
4900. 004 tr IVA | 20402.19 | atGgx—v'Ging | (0) 1.57 (0) 1.540 
4896. 35 1 IV A | 20417.71 | b8Gyx—wiFixg | (0) 1.07 (0) 1.106 
4894. 218 4 Ill 20426. 59 | a*Gax—ytHixg | (0) 0.98 (0) 0.97b 
4892. 722 1h 20432. 84 | b?Gs3x,—u?His, | (0) 0.86 (0) 0.836 
4891. 602 4 Ill 20437. 52 
4891. 222 1 IV 20439. 10 | atGar—riGisg | (0) 1.00 (0.18) 0.99 
4890. 090 1 IV 20443. 84 | atGax—viGix, | (0) 0.60 (0.02) 0.60 
4886. 821 2 TILA | 20457.51 | atPyxs—y*Pisg | (0) 1.74 (0.06) 1.72b 
4885. 649 2 IV 20462.41 | atGax—viG{xs | (0) 1.17 (0.04) 1.140 
4882.183 | 2 IIL A | 20476.94 | a*Pox—ytPixg 
64881. 554 | 50acm I 20479. 58 | atFys—24Dixy | (2% D) 1.18w3 C (0) 0.98 
64880. 560] 8 Ill 20483.75 | atPyus—y'Pixs | (0) 0.90, 1.65 (0.01, 0.04) 1.63 
1.66, 1.69, 1.71 
4877. 219 tr IVA | 20497.77 
4875. 462 | 40acm I 20515.17 | atFsx.—z4Dixg | (23D) 1.08w3 C (0) 1.016 
4873. 00 1 20515. 52 (?w:D) 0.76 
4871. 264 7 20522. 84 | atGgg—etGixg | (21D) 1.250, A (0.22) 1.246 
4870. 134 1 20527. 60 | atGau—viGixs 
4867. 986 2 20536. 67 (?w;D) 1.040; C 
4864.85 | —1 20549.90 | atPox—g! Pixs 
4864. 741 | 40acm 1 20550. 36 | a*F a4—z*Disg | (23D) 0.9103 A (0) 0.86 
4862. 625 5 IV 20559. 30 | (6*Dy—“4Ffs¢?)| (0) 1.10 
4859. 135 2 IV 20574. 07 (0) 1. 21 
4857. 02 l- 20583. 04 | atGy—vtGfsg | (0) 1.33 (0) 1.406 
4855. 35 1~ 20590. 11 (0) 0.84 
4851.483 | 40acm I 20606. 52 | atFyxs—~z*Dixg | (0.25u2D) 0.19, 0.63 | (0.22) 0.18, 0.62 
. y ¢ b'Gox—wHix i (0) 0.848 
4848.821| 1 IV | 20017. 84 {pes Mepet |}(O?ws D) 0.81 {(0) ems 
4848. 60 3 Ill 20618. 7 
»4846.620] 1 20627.19 | a%Pi4—y*Dirg | (?0,D) 1.1102 A (0.66) 0.960 
4843.018 | 2 IV 20642. 53 | (b°Gug—rDirg? | (202D) 1.67 wsB 
4833. 804 1 IV 20681. 88 (0) 1.11 
4833.027 | 3 IV A |. 20685.21 | a2Pyyx.—y?D3x¢ | (0) 1.19 (0) 1.166 
4832. 427 | 30 I 20687. 78 | atFix—z*Diy (0.48, 1.30) 0, 0.79, ae 1.21) 0, 0.80, 
1. 
4831.642 | 35 I 20691.13 | atFa.—z24D3 0.51, 0.83) 1.282, ir 18, 0.52, 0.86) 0.49, 
14 ns | ( ) 3 ( 55 iia, 1.53, 181 
+4830. 678 1 IV 20695. 26 | 5? Pix—v2Dixg | (0.82) 1.18 on 3) 1. 146 
4828. 821 1 IV 20703. 23 | b1Dax—HFixg | (0) 0.90 (0) 0. 90s 











Meggers 
Russell 


First Spectrum of Vanadium 





143 





TABLE 1.—Are spectrum of vanadium (V1)—Continued 
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(2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
; Int. Temp. be Term 
Aeir A arc class | ’v*°™™ | combinations 
Observed Computed 
+4827.458 | 30 I 20709. 07 | atFsx.—z*Dixg | (0.56w3 B) 1.38030 | (0.74) 1.32b 
4823.428 | 1 20726.37 | a*Pox—v*Disg | (21 D) 1.15 (0) 1.156 
4819.040} 2 IV 20745. 25 0) 1.05 
4808.666 | 1 20790. 00 (0) 1.34 
4807.537 | 25 III 20794.88 | z°Gs—e*F ss | (O?w2D) 1.1802 A (0) 1.18b 
4803.042] 1 20814.34 | dF sc—2?G iy, 
4799.786 | 5 ILA | 20828.45 | afFix—z*Diy | (0.48,1.51) 0, 0.92, 048, 1.43) 50-08: 
1.85, 2.81. .88, 1.83, 2-78. 
4799.020|} 1 IV 20831.78 | b*Dsx—t*Fixs | (?w1) 0.527 (0) 0.478 
4797.973 | 2 IV 20836. 33 | b#Pa—ytSixz | (0) 1.34 (0) 1.810 
'b4796.930 | 20 lI 20840.85 | 2°Gix—e®Fasg | (0?w3 D) 1.10; A (0) 0.886 
4795.104} 8 IV 20848. 80 (0) 0.94 
4792.954 | 3 IV 20858. 14 | a?Fy,—v’Diss | (0) 0.86 (0) 0.82b 
| 4786.515 | 20 Ill 20886. 20 | 2°Gix—e®F sx | (O?w3 D) 0.00ws A (0) 1.036 
| 4784.480| 5 ILA | 20895.10 | a4F2x,—24Dis | (0) 2.18~, B (0) 2.000 
64781. 342 tr IV A | 20908.80 | a?F24—s*Dixx?| (0) 0.49 (0) 0.68b 
4778.40 ir IV 20921.69 | a?Fsx—s*Dix, | (?wi D) 0.85 0) 0.908 
4776.519 | 5 Ill 20929.92 | b°Pic—v?Dirg | (?w1) 0.89u: (0.16) 0.976 
4776. 364 | 10 ll 20930.59 | z°Giius—e®Fng | (0.34) 0.69, 1.44 | (0.10, 0.30, 0.50) 0.60, 
0.80, 1.00, 1.20, 1.40, 
| 1.60 
| 4774. 505 1— 20938. 74 | b4Dix—v! Piss 
| 4773.088 | 1 IV 20944. 99 (0) 1.00 
\04772.588 | 2 20947.15 | b*Fiy—z*Phg | (0) 1.18 (0) 2.400 
| 4767. 552 1— 20969. 29 | b*Day—t*Gixg 
4766. 635 | 10 III 20973.31 | 2°Gix—e*Fisg | (O?t0s) 0.67w3 A (0) 0.580 
4765, 67 1 IV 20977.56 | b&Has—utGhy | (0) 0.99 
765.496 | 1 20978. 33 | atGsie—2z?Hing? 
4765. 233 lh 20979. 49 (0) 1.33 
4764. 004 1 20984. 90 (0) 1.07 
4761, 880 1— 20994. 26 (?w1 D) 0.50 
4759. 346 1 21005. 43 (0) 1.41 
4759. 018 1 21006. 88 | a*G335—zIHixg | 
| 
4758.742 | 2 III A | 21008.10 | a*P2x—2°Siis? 
4757. 50 8 Ill 21013.57 | 2°Gix—e®Fixs | (0.34) 0.37 | (0.36) 0.360 
4757. 37 4 Ill 21014. 14 | 2°Gi<—e® F's 
753.957 | 7 IV 1029.25 | 2Gix—e®Fax | (0.6102 B) 1.37w2C | (0.78) 1.326 
4751.849 | 1— 21038. 58 | a*Gas—a?Hig 
4751.574 | 6 Ill 21039.80 | b'Pa4—2'Phs | (0.11) 1.61 (0) 1.546 
4751, 275 1 21041.11 | a? F s14—2? Diss 
4750.990 | 8 lll 21042. 38 | z°G3i—e®Fay | (0.85) —, 1.30 (0.11, 0.34, 0.57, 0.80) 
0.53, 0.76, 0.99, 1.21 
1.44, 1.67, 1.9 
4748.525 | 7 III 21053. 31 | 2°G3u—eF as | (1.09ws B) 1.15ws A | (1.14) 1.040 
4747.075 | 1 IV 21059. 73 
4746. 638 5 IV 21061. 68 | z°Gin—e®Fixg | (1.63) 0.55, 1.60 pmo 1.57) —0.52 
252, 1.57 
4742. 631 5 IV 21079.47 | b®Powx—v?*Dix | (O?w2 D) 1.00u: (0) 0.980 
iii i bb’ Dsx—UGixg 
4739.607| 1 21002, 91 |{ Sept epee 
4739. 11 1 IV A | 21095. 13 aDus— 2 ig 
ise 14 — Ww! Ghag 
4738.318 | 1 TV | 21008. 66 |{ ops svcas 
4737, 746 1 IV 21101, 21 MP4 TP bs f 
- a Fas—v? Fix —,— 
4731. 95 1 21127. 05 bP ogi }(0.59) 1.0502 {(0'52) 1.240 
“ atGa35—74 Hig 
4731. 556 1 21128. 81 |) Ps — 72D 
4731. 268 2 21130.10 | b*Ps;—s*Dix 
4730.394 | 3 Ill 21133.99 | btFaxc—wtGirs | (0) 1.04 (0) 1.076 
4729,844] 1— 21136.46 | 6?Py,—w? Diss 
4729,544 1 6 ll 21137. 80 mE WSs (0.18) 1.77w1 (0.24) 1.76b 
2°Gixg— eo Far, 
4728.652| 2 21141. 79 |G a Sanat, 
472.430] 1 21165. 14 | 2°G3u—eoFs 
4722.877 | 8 III 21167. 65 | b1Fig—witGiy | (0) 1.12 (0) 1.156 
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TABLE 1.—Are spectrum of vanadium (V1)—Continued 
()) (2) (3) (4) (5) (6) (7) (8) 
Int. | Temp. 3 Term Zeeman effect 
Ref.) Asir A arc class | ’v**°™'| combinations 
Observed Computed 
1 | 4721.54] 6 I 21173. 70 | btFsxg—w'Giy, | (0) 1.05 (0) 1.086 
1 | 4721246] 2 21174. 95 (0) 1.15 
1 | 4718. 895 i~ 21185.49 | z°Gin—e® Fas 
1 | 4718.753 | 1— 21186. 13 | b'Dis—r+ Ding 
1 | 4717.692] 10 IV 21190. 89 | atGog—ztH sg | (0) 0.81 (0) 0.776 
1 | 4716.644] 1- 21195. 60 | atPug—z°S3 
1 | 4715. 900 5 ? 21198.95 | a?Fax—utDixg | (7) 0.982 (0) 0.986 
1 | 4714.113 | 10 2 | 21206.99 | aG4s,—z'Hing | (0) 0.96 (0) 0.886 
1 | 4713448] 2 21209. 98 | 0Da—ri Ding 
1 | 4710.566 | 12 ? | 2122295 | atGug—ztHing | (0) 1.04 (0) 1.056 
1 | 4709.728] 4 ? | 21226. 74 (0) 1.04 
1 | 4707.458 | 4 III A | 21236.97 | b*Faxs—z?Fixg | (0) 1.06 (0) 1.056 
1 | 4706.574] 12 ? | 2124096 | atGsg—z4Hirg | (OPw1) 1.090; (0) 1.086 
1 | 4706.178] 8 ? | 2124275 | b'Pac—ztP ing | (Pas D) 1.3003 A (0) 1.376 
1 | 4705.009] 4 ? | 21247.61 | a?Fas—wtDixs | (0) 1.15 (0) 1.160 
1 | 4699.329] 3 ? | 21273. 70 | atHs4—z2Ging | (?) 1.11 (0) 1.12b 
1 | 4636.926] 6 ? | 21320.99 | b#Pos—ytSing | (0.39) 1.50, — (0.38) 1.47, 2.22 
1 | 4684.457] 3 21341. 23 | Pug—ztP ing 
1 | 4682. 763 2h 21348. 96 | 64Dax—ri Dix, 
1 | 4680.904] 2 21357. 43 | atHu—z2Ghag 
1 | 4673.658] 1 21390. 54 | b2Hs4—wtHiy, 
1 | 4670. 483 25cm III 21405. 10 | atDsxy—ytPixg | (we) 1.14ws (0) 1.046 
2 | 4669.273] 2 21410. 64 | atFag—z2tGig 
1 | 4666.149| 4 Ill? =| 21424.97 | btPisg—ztPixg | (0.41)? (0.41) 1.27, 2.00 
1 | 4656.546 | 1h 21469. 16 | b*Dax—2is 
1 | 4654.639 | 1h 21477. 95 | &Ds—r' Diss 
1 | 4652.928]} 1 21485. 85 | b4F24—v9Ging 
1 | 4648. 880 2 21504. 66 | 6? Piss—w2Pixg 
1 | 4647. 860 1 21509. 28 | a?F314—02 Fix, 
1 | 4646.396 | 15cm | III 21516. 06 | atDaz—y*Pig | (0.17, 0.55) 0.83, 1.21, | (0.19, 0.58) 0.77, 1.16, 
1.62 1.55, 1.9% 
1 | 4645.971| 1 TILA | 21518.03 | atFs¢—2¢Ging 
1 | 4644452] 3 III 21525. 06 | a*Hag—w2Gis, | (?) 1.34 (0) 1.34?b 
1 | 4640.735| 7em | III 21542. 30 | atDass—ytPhxg | (0.47) 1.5702 (0.16, 0.48, 0.80) 0.87, 
1.19, 1.62, 1.83, 2.15 
2 | 4640. 309 0 21544.28 | b4Pisg—z'Ping 
1 | 4640.02! 8 III 21545. 42 | atDiss—y*Pixg | (0.73) 0.46 (0.74) 0.45, 1.94 
1 | 4636.166| 2 IV 21563. 53 | a*Hs4—wiGisg 
1 | 4635.176 | 15 I 21568. 14 | atFasg—z4Gisg | (0.63) 1.27w2 (0.44) 1.226 
1 | 4630.038 | 1h 21592. 07 | atPis—2*F ing 
1 | 4626.480] 7 III 21608. 67 | a*Doxs—y'Pisg | (1.34) 1.34 (1.33) 1.330 
2 | 4624.657] 1 21617.19 | b*Pox—2*Pixg 
. atDu—y'Ptrg-| (0.82t1) 0.98, 1.52, | (0.27, 0.82) 0.92, 1.47 
1 | 4624.404 |” 8 III | 21618. 38 (Saree eat rr eal 
1 | 4621.26 1— 21633. 09 | a?Hsi;—wtGirg 
1 }©4619.771 | 25 I 21640.05 | atFax—2!Gisg | (0.67u1 B) 1.49w; D | (0.71) 1.080 
1 | 4619.648] 8 IV 21640. 64 (0) 0.96 
1 | 4618. 800 2 21644. 60 | a*Dixg—y' Pig 
1 | 4616.850} 1 21653. 75 | _b'Fg—wiP his 
1 | 4613.913 | 1- 21667. 52 }{ pry vep gat 
1 | 4611.722| 2 IV 21677. 83 | b4Fing—w' Fix (0.82, 0.68) 0.62, 1.05, (0.22, 0.67) 0.17 0.62, 
1 | 4610.925} 2 III A | 21681. 57 | a*Dox—ztPtxg | (0.87) 258, — (0.86) 0.86, 2.57 
1 | 4609.646] 4 Ill 21687.64 | a®Gu—z'Hixg | (0.56) 1.07w2 D? (0.56) 1.056 
bom ge! pro waged) SEY taser * eae 12) —, 0.32, | (0.22, 0.68, 1.14) 
rs atFag— 4 .68, 1.12) —, 0. t .68, 1. 
1 | 4606. 146 | 15 I | 21704. 06 (Sree 0.78, 1.25,1.71 — 0.13, 0.88, 0.78, 
1 | 4602.960] 2 IV | 21719.09 | a?Hag—w'Gt, ( 0.64 (0) 0.626 
1 | 4594. 103 | 60aem| I 21760. 97 | atFa—2tGing | (0) 1.13 (0) 1.156 
5 | 4591.991 | [0] 21770. 96 | b*Pay4—w Fix 
1 | 4591.220| 12 IV 21774. 62 | b1Hs4—w*H is, | (0) 1.02 (0.54) 1.026 
1 | 4588.776| 1 IV 21786. 23 | DF ng—wiFixg | (0) 1.18 (0) 1.163 
1 | 4586.364 | 50acm I 21797.68 | atFsyg—z'Gixg | (0?e2 D) 1.05w2 O 0) 1.028 
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TABLE 1.—Arc spectrum of vanadium (V1)—Continued 
— , 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. a Term 
Ref.| Nar A are class | ”¥**°™" | combinations 
Observed Computed 
4 | 4585. 93 2 IV 21799. 74 | a?Gsyg—z4H 1 
1 4583. 783 5 Ill 21809. 95 | b4Fas—vtGig | (0.63, 1.06) 0.00, 0.37, | (0.22, 0.67, 1.12) 
0.77, 1.18, 1.63 *—0.07, 0.38, 6.82, 
1.27, 1.72 
1 | 4581. 227 2 IV 21822. 12 | a?Hy,—22F ing 
1 | 4580.394 | 40 acm I 21826. 14 | a4Fo,—z!Girg | (0) 0.90 (0) 0.906 
1 | 4579. 198 7 IV 21831.80 | b4Fs4—cGix, | (0.73w2B) 1.22w3 C | (0.59) 1.126 
1 | 4578. 728 | 15 III 21834. 03 | b4Fus—otGS | (0?w2D) 0.79w2 B (0) 0.766 
1 | 4577. 642 1 21839. 21 | atGsu—y*T ax 
1 | 4577.173 | 40acm I 21841. 44 | atFin—ziGiy | (O?weD) 0.7002 B (0) 0.666 
1 | 4571. 783 15 Ill 21867. 20 | bAFag—viGixg | (0) 0.92 (0) 0.958 
1 | 4570. 425 6 III 21873. 70 | b4Fas—vtGig | (0.67w2 B) 1.2l1w2 D | (0.59) 1.230 
5 | 4505. 513 |{—1h] 21897. 23 | atHs1.—wtGiss? 
1 | 4564. 581 2 21901. 71 | a@2Dug—2z?Diy | (Ow: D) 0.97w: A (0.11) 0.93 
1 | 4560.710 | 20 IIT | 21920.29 | bFuc—otGirg | (0) 1.02 (0) 1.036 
1 | 4553.056 7 IV 21957.14 | b°Has—w2H iy, | (0.26) 0.95 (0.30) 0.956 
1 | 4551.860] 3 IV 21962. 91 | a?Dis—y?Ping | (0.15) 0.81, 1.07 (0.11) 0.85, 1.08 
1 | 4549.644 | 10 IV 21973. 60 (?w2 D) 1.03 
1 | 4545.394 | 25 III 21994. 13 | b'Fas—viGig | (0) 1.08 (0) 1.026 
1 | 4540. 014 6 IV 22020. 22 | a?H514—z4Tixy 
1 | 4537. 663 6 IV 22031. 62 | a2Doy—y?Pirg | (0) 1.19 (0) 1.176 
4 | 4535. 57 I IV 22041. 7 
1 | 4533. 940 4 IV 22049. 71 
1 | 4530. 808 4 IV 22064. 97 (0) 1.10 
| 
1 | 4529. 589 8 III 22070. 89 | a2His—vIGhu | (0) 0.73 (0) 0.74b 
1 | 4529. 301 4 IV 22072. 31 | 64Pi—w?Fiy | (2w2 D) 1.02 
1 | 4528. 302 1 22077.17 | aH s—y*Hix 
1| 4527.990} 5 IV 22078. 68 (0) 1.19 
1 | 4525. 168 5 IV 22092.45 | b'1Fis—tDis | (0.19) —, 0.58 (0.20) 0.20, 0.59 
1 | 4524. 218 15 III 22097.10 | @Hsy—v?Gixg | (0) 1.15 (0) 1.17s 
4 | 4522. 87 tr IV 22103. 68 
1 | 4520. 168 3 IIIA | 22116.88 | a*Ds1g—z2®Sisc? 
1 | 4517. 57 3 IV 22129. 60 (0.37) 0.91, — 
1 | 4515. 558 2 IV 22139.47 | @Hs—z‘lisg | (0) 1.13 (0) 1.148 
1 | 4514. 191 6 III 22146.17 | b4F xg—téDisg | (21) 0.85201 (0) 0.858 
1 | 4513. 624 2 IV 22148. 96 | atGsg—utFing | (0) 1.18 (0) 1.206 
1 | 4511. 433 2 IV 22159. 72 | atGag—utF 3x, | (0) 1.02 (0) 1.016 
1 | 4509. 287 3 IV 22170. 25 | b4Fisg—t*Dise | (1.18) 0, 0.77, 1.56 (0.39, 1.18) 0, 0.79, 1.57 
1 4508. 577 2 IV 22183. 59 | atGais—utFing | (0) 0.88 (0) 9.868 
1| 4506210} 1 IV 22185. 39 
1 | 4506, 094 2 IV 22185. 98 | @?Dyy—2? Dig 
1 |"4501. 972 8 II 22206. 28 | a?Gag—y2Gire | (0) 1.08 (0.37) 1.08 
1 |*4501. 444 2 22208. 87 | atGus—utFixg | (0.25) ?2nwe (0.59) 1.226 
5 | 4501. 256 1 IV 22209. 82 | a*Hssg—y2 ET ix 
5 | 4500. 853 1 IV 22211.80 | atGo—utFix, | (0) 0.59 (0) 0.636 
4 | 4499. 76 1 22217.19 | a? Doa—z?F ing 
1| 4498.114 | ér IVA 2225.34 | atHag—v?Girg | (?) 0.90, ws A (0) 0.85 b 
1 | 4497. 710 1 22227.32 | b°Gs5—f2F ing 
1 | 4497. 398 2 IV 22228.87 | b°Gsu—t? Fig (0) 0.85 (0) 0.866 
fatHa—y*Hix 
1 4496. 864 5 Ill 22231. 51 \(@Diy—2° Fig) 
1| 496.062} 8 Ill 22235. 47 | O'Fs4—t*Dig | (0? w2 D) 101m: A | (0) 1.085 
1 | 4494. 955 1 IV 22240. 94 (0) 0.63 
4 | 4492.32 1 IV A | 22253. 97 Dac eee 
7 @H y—v?G ix, 
4| 4491.47 | 1 IV | 22258. 18 (SD NGes? 
6 | 4491, 162 2 Ill 22259.74 | a®Gus—y?Giss | (?w2 D) 1.65w2 C (0) 1.516 
6 | 4490. 815 5 lil 22261.45 | atHas—y2Hixg | (?w2 D) 1.33w2 B (0) 1.400 
OF s—UDis |) (0.61) 1.190 
6 | 488.898 | 20 TI | 22270.96 | atHne—v"Hlisg |}? we D) 0.9002 © {(0) He 
(b'Gas—OFixs) ° 
4} 4486. 28 1 22283. 97 | afHsi—2*Iisg 
6 | 4480. 041 6 III 22314.97 | afHsu—2‘Lixg (0.69%: B) 1.06w3 C | (0.63) 1.036 
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TaBLE 1.—Arc spectrum of vanadium (V1)—Continued 
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(3) (4) (5) (6) (7) (8) 
Zeeman effect 
d * Term 
Anir A — 1 | ¥vacCM~ | oombinations 
Observed Computed 
4475.882| 2 IV | 22385.73 | atHux—ztThg | (0.28) 0.80 (0.26) 0.906 
4474721) 12 | TIT | aagar.p2 |{ eles 2lies Nh oy 1.02 (0) 1.086 
4474.047 | 10 Ill 22344.88 | 6¢Fax—t*Diyg | (? wi) 1.182 (0) 1.178 
4473. 26 1 IV 22348. 82 ingen 
aDisys— 2°Sixg 
4471.781| 1 IV | 22356. 20 { i 
4471.35 1 22358. 36 | a?Fs—t?Girs 
4470. 86 1 22360.81 | a*Hsy—v?Giis? 
4470. 39 1 22363.16 | a*Fax¢—t4F ix 
4469.712 | 15 ITI 22366. 55 | atHay—z4Tixs | (0) 0.98 (0) 1.016 
4468.764 | 4 Il 22371.29 | a*Hac—w*Fixg | (0? w2 D) 0.3702 A | (0) 0.278 
4468.008| 8 II 22375. 08 | atHs—z4Iixe | (0? ws D) 1.5702 B | (0) 1.648 
4467.624| 1 IV 22377. 00 | a?Day—z?F iis 
4466.857 | 2 IV A | 22380.85 | a*Gax—y?Fixz | (0) 1.17 (0) 1.168 
3 | 4465.509| 2 IV 22387.61 | b'Pa—tDi, | (0.53) 1.4702 C (0.48) 1.446 
4464.769 | 2 IV 22391.32 | b§Fs—t*Dig | (0.58) ?w2 C (0.38) 1.28) 
4464. 27 2 IV 22393.81 | b*Hsx—tGix, | (0) 1.04 (0) 1.176 
4462.367 | 20 III 22403. 36 | atHsx—z*Ii | (0) 1.01 (0) 1.026 
4460.989 | 4 IV 22410.29 | a?F2x—t2Gix | (0) 0.92 (0) 0.956 
4460.302 | 50a I | 22413. 74 {mes eae |} (? wa D) 1.3102 A | (0) 1.27 
4459.766 | 30a I 22416.43 | a*Dsx—z*Pixg | (0.24, 0.46, 0.79) 0.75, | (0.16, 0.48, 0.80) 0.78, 
1.05, 1.46, 1.76, 2.04,} 1.05 1.87, 1.69, 2.01, 
2.36 2.33 
4458. 41 1 IV 22423. 23 | at Fax—v!H hs 
4457.762| 8 Il 22426.51 | a%Huc—z*ls | (0) 0.97 (0) 1.036 
4457.484 | 15 I 22427.91 | a®Dsx—z°Pis | (0.36, 1.09) 0.55, 1.24, | (0.37, 1.10) 0.51, 1.24, 
2.01, 2.77 1.97, 2.71 
4456.505 | 3 IV 22432, 84 (0) 1.12 
4453. 126 1 IV 22449.85 | b4Fyy—z*Hixg 
| 4452.711] 2 IV 22451.95 | atHex—v?Gig | (0.20, 0.58, 0.97, 1.41) | (0.20, 0.60, 1.00, 1.40) 
Pw; C —0.35, 0.05, 0.45, 
0.85, 1.25, 1.65, 2.06, 
45 
4452.022| 20 III 22455.42 | atHe—zIs | (0) 1.09 o ‘1.050 
64450.909 | 4 IV 22461.04 | a?Fsx—t?Giss | (0) 1.02 (0) 0.876 
4449.578 | 5 Il 22467.75 | a?Gsu—y?Gis | (0.16) 0.91 (0.09) 0.905 
4445. 81 1 IV 22486.82 | b#Pi<—t*Dix 
4444.216 | 20a I 22494.87 | a®Dix—z2*Pixg | (0.24, 0.79) 1.56, 2.11, (0. 26, 0.78) 1.56, 2.08, 
2.67 
4443.342| 5 IV 22499. 29 | b°Gs—tHix, | (0) 1.01 ©) i O43 
4441.688 | 25 I 22507.67 | a®Dox—z*Pix | (0.50) 1.7403 C (0.53) 1.766 
4438. 98 1 IV 22521.41 | a?F3~—t*F ix 
4437. 842 | 20a I 22527.18 | a®Dss—z*Pixy | (0.39) 1.61 (0.41) 1.606 
4437.39 1 22529.48 | atHisy—z*Ii 
4436. 89 1 22532.01 | afHasc—ytHiss 
4436.140 | 15 I 22535.82 | a®Dixs—2Pixg | (0.47) 1.90, 2.88 (0.47) 1.87, 2.81 
4434. 602 5 Ill 22543. 64 | b4P2x—t*Dig ? wD) 1.1402 A (0) 1.116 
4432, 88 1 IV A | 22552.39 | a*Dsx—z*F is 
4430.512| 3 IV 22564.45 | b*Pix--ttDig | (0. 26, 0.79) 0.89, 1.41, | (0. 25, 0.75) 0.93, 1.43, 
1.95 
4429.802 | 15 I 22568.06 | a*Dix—y®Fix | (?w2 D) 1.8902 B (0) 1.800 
4428.519 | 15 I 22574. 59 | a®Diy—2°P ix (0) 1.87w: B OA 1.876 
|b4427. 31 5 Ill 22580.76 | b?Gux—t2His< | (0) 0.94, 1.54 0.02, om, on 0.17, 
0.94, 0.98, 1.04, 1.08 
1.18, 1.18, ‘ 4 is 
4426.011 | 20 I 22587.39 | a*Dax—y*Fixs | (0.15, 0.43, 0.70) | (0.14, 0.44, 
a 2.31w3 B ie .09, 1.38, 1.67, 1.97, 
4425.74 | 4 | TILA | 2588.85 |{Sa4— Gb 
4424.576| 4 m1 A | 22504.72 | aGu.—2Hig (0) 1.08 (0) 1.000 
4423.920| 2 22598.06 | b{Di—g*Diig? 0 1.07 
| 4423. 210 | 8 it A | 22601. 68 . nT ig (0) 1.18 = 
| at “— 
| 4422.48 | 2 | IV | aam0s.an |{Q ae 2h hen) 0.82 {(0) 0.985 
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Many First Spectrum of Vanadium 147 
TABLE 1.—Arc spectrum of vanadium (V1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. a Term 
Ref.| sir A arc class | ”**°°™' | combinations 
Observed Computed 
6 | 422,230] 3 | IV | 22008.65 |{*8H aM —MGbs | (0) 0.88 (0) 0.800 
6 | 4421.585 | 20 I 22610. 00 | a*Dos—v8Fixg (0.28, 0.87) 0.76, 1.34, | (0.29, 0.88) 0.73, 1.31, 
, 2. 1.90, 2« 
6 | 4419.944 | 12 I 22618. 38 | a*Dax—z*Phxs () 176 (0) 1.756 
4 | 4418. 45 1 22626. 02 | a2 Da4—v?Ghrg 
6 | 4416.699 | 2 IV A | 22635.01 | atGue—y*Fixg | (0) 0.89 (0) 0.92b 
6 | 416.480 | 20 I 22636. 13 atDug— WF bs (1.21) 0.63, 3.10 (1.20) 0.62, 3.02 
aH y—viGix 
5 | 4415.02 | 2 22643. 40 (Dee oDe 
6 | 4414.547| 2 IV 22646. 04 | atHay.—vIGin, 
4 | 4413. 70 2 III A | 22650.39 | atDag—r'Fixg. | (0.7900:B)?ws D (0.74) 1.186 
6 | 4412.142 | 12 I 22658. 39 | a*Dox—z*Pixg. | (0.37) 2.9401B (0.38) 2.92b 
6 4408. 515 | 90a I | 2677.01 {spite }(1.80) 0.86, 1.86 (cso, 130 1:20) 0.62, 1-42, 
je v4 . aSDix—y* Fig . +O, 4d. 
6 | 4408.209 | 70a I 22678. 61 (oe AD) want (0. 8) 1.496 
6 | 4407.655 | 70a I 22681. 45 | a*Days—y®Fixq | (0.56) 1.57ws (0.47) 1.456 
6 | 4406.649 | 80a I 22686. 63 a' Dag WF (0.48) 1.4910 ae 1 Az 
at Days — 2 Fig » OC 1. 
5] 440.141] 6 | TIT A | 22ns0. 24 (DABS Nh rroeD) 1.09020 {ff} TOR 
fa®Da—2z'Pisg 
6 | 4405.008 | 4 THT A. | 22695. 07 |) Cares — mai. 
6 | 4403.680] 4 II 22701. 93 | atHes—v'Gisz | (0) 1.13 (0) 1.076 
5 | 4401. 140 |[—] 22715. 02 | b4Do4—utP ig 
6 | 4400. 589 | 60a II 22717.87 | a®Dox—y*Fixg | (1-12) 0, 2.18 (1.14) 0.12, 2.16 
6 | 4399.426 | 2 II 22723. 88 | atDixg—z4F yz | (1.18) 0, 0.80, 1.50 (0.41, 1.22) —0.03, 
0.79, 1.60 
4 | 4397. 88 1 22731. 87 | a?Fxg—HGhrg 
6 | 4307.414] 1 IV 22734. 27 (0) 1.01 
6 | 4395. 243 | 80a II 22745. 51 | a*Dis—y*Fixg | (0.27, 0.86) 0.43, 1.01, (0.29, 0.88) 0.35,” 0.94, 
’ 1 1 
6 | 4394.814] 3 I 22747.72 | aGay—z*His | (0) 0.98 (0) 0.996 
6 | 4393.840] 4 III A | 22752.77 | atDiss—ztFixg | (0?001 D) 0.86; A | (0) 0.885 
4 | 4393. 09 4 III 22756.65 | b!Pos—t*Diy | (0.72) 0.44 (0.71) 0.47, 1.89 
6 | 4392078} 5 II A | 22761.90 | a*Dig—z*Pixg | (0.19) 1.82 (0.15) 1.766 
6 | 4391.681} 2 IV 22763. 96 | atHs—v'Gixg | (0.63)? (0.54) 1.166 
6 | 4390. 611 1 IV 22769. 50 | a?Pow—y?Pixs 
6 | 4389. 986 | 100a II 22772. 74 | a*Dos—y*Fisg 
4 | 4388. 09 1 22782. 58 | a*Fs4—tGiys 
6 | 4387.215] 3 III A | 22787.13 | a*Doxs—z‘Fisg | (0.20) 0.60 (0.19) 0.19, 0.57 
4 | 4385.33 1 IV 22796. 91 les gd (0) 1.20 
» a’Dy—y Fix i 
6 | 4384.730 | 125ra | IE | 29800. 04 |{upes— MEM |hcrws D) 1.2820 — I{{) 1-305 
4 | 4384.19 1 III A | 22802. 84 | a*Dojs—z*Pisg. 
4 | 4381.76 1 22815. 47 | atHss—tG hig? 
4 | 4381. 23 1h 22818. 24 | b!Ds1,—u4PSx 
a*Garg—ut Gre 
4 | 4381. 03 1 IV A | 22819. 28 }f atPiss—r!Diy, 
aS Ds3— 24P hig 
6| 4390.570] 4 IV 22821.69 | atGsc—utGhrg | (0) 1.25 (0.18) 1.256 
6 | 4379.242 | 150racm| II 22828. 61.| a®Das—y*Fixg | (Pg) 1.2003 (0) 1.156 
4 |4377. 90 2 IV 22835. 58 | a!Pa4—2!Diy, | (071.35 (0.57) 1.426 
4 | 4376. 80 1 IV 22841. 38 
5 | 4376.057| 0 422845. 22 | atGarg—utGiic? 
6 | 4375.315| 4 IV 22849. 10 | b°Gsx—s'Giss | (010.88 (0.15) 0.885 
6 | 4375.069| 1 IV 22850. 
6 | 4373.827] 4 IV 22856.87 | a'Gug—utGiss | (0) 1.19 (0.19) 1.166 
6 | 4373.234 | 4 IV 22859.98 | b9Gas—stGig | (0) 1.11 (0.07) 1.106 
6 | 4369.066 | 2 IV 22881.77 | atGus—u'Ghs | (0) 1.56 (0) 1.648 
6 |:4368.508 | 4 IV 22884. 23 | atGsis—utGirs | (0) 0.97 (0. 09) 0.986 
6 | 4368.047 | 10 I 22887.12 | atFsx—z'Fixg | (?w2 D) 1.632 B (0) 1.75s 
4 | 4367. 07 1 22892. 25 | B°Gux—s?Gtig 
4 | 4365. 74 3 IV 22809. 21 | a!Pin—z*Diy 
6 | 4364. 221 4 IV 22907.18 | a*Gsx—u'tGixs | (0)50.56 (0.13) 0.56 
6 | 4363.531 | 5 II A | 22910.81 | a*Dax—z*Pixg roe 1.59 (0.04) 1.605 
5 | 4363.357 | 1 IV 22911.71 | a*Pox—z'Dis 














Don a 


















bh Don Qa 





cS 





am 









Qo AaQaQnan Aran 











148 Journal of Research of the National Bureau of Standards 


TABLE 1.—Are spectrum of vanadium (V1)—Continued 























5. 83 
3. 896 


. 801 
531 
. 44 


4307. 
| 4306. 
| 4306. 
4305. 
4303. 


4302. 
4298. 
4297. 
4297. 
4296. 


188 
594? 
222 
482 
542 


143 
048 
694 
10 

121 


4291. 828 
4291. 305 


4288. 819 
| 4287. 823 
4286. 428 


4284. 061 
4282. 924 
4278. 992 
4276. 966 
4271. 563 


4270. 332 
4269. 768 


4268. 652 
4267. 32 








0 mt 














zRO 








4265. 90 


1 IVA 

4 IV 

5 Ill 
15 Ill 
(5) (IID) 

2 III A 
12 III 
12 III 

4 IV 

5 III 








20 Itl 
1 IV 
1 IV 


IV 
IV 
IVA 
Ill 
Ill 


Ill 


III 
III 


23164. 01 
23174. 40 


23196. 42 


23197. 89 
23203. 74 


23210. 50 


23213. 70 
23215. 70 
23219. 70 
23230. 16 


23237. 72 
23259. 85 
23261. 77 
23265. 01 
23270. 29 


23293. 56 
23296. 40 


23309. 90 
23315. 31 
23322. 91 


23335. 80 
23341. 99 
23363. 44 
23374. 52 
23404. 08 


23410. 82 
23413. 92 


23420. 03 
23427. 32 





at Pog —wtF 3x6? 
atHays—z* Hing 
(nat, 2Fi 
(aG44y4—w' Has) 
atG314— wt Hing 
@D24—w? Dix 


f atFiy— 2tFing 








(0.25) 0.94 
(? w2 D) 1.46 w2 B 


(0.31, 0.92) 0?, 0.72, 





\(a*Gsxgo— Hfis¢) 
atH34—z?H ing 
atF o14— 24 Fig 
atH 515—2? Hs 


@Diy4—w'Disg 
a'Gas—wtH ing 
atGsi5—wtHisg 
@H 54.—wGirg 
atGux—wtHixg 


a'Gs51,—wtHis 
aH ys—2‘His 
atDiy—2*8°x%6 
aH s4—2!Hix 


@Hys—zr!Hixy 
atHey—z* Hiss 


aH y—7!Hig 
atHsy—z'His 


@Das—t Dig 
a‘ 345—74 Hig 


atHew4—rtHixs 











23435. 12 








O'Day —2°F sg? 


1.37, 1.93 


(? ws D) 1.82w3 B 
(0, 0.38) 1.08 
(? w, D) 0.850; A 





(1) (2) (3) (4) (5) (6) (7) (8) 
Int. | Temp. os Term Zeeman effect 
Ref.) Aeir A are class | ’"*°™" | combinations 
Observed Computed 
6 | 4361.399] 2 IV 22922. 00 | atGsx—utGis | (273 D) 1.662 B | (0) 1.590 
4 | 4361.03 1 22923.95 | a?Fa4—u?Fixg | (0) 0.83 (0.04) 0.85 
6 | 4360. 592 3 IV 22926. 24 | a?Doy—wiF ire | (Ow1) 0.86201 (0) 0.86s 
57 9 r "7 a@Fy4—u? Fig ©), 1.10 or (0) 1.38 |{(0.09 1.125 
6 | 4357.453 | 2 IV 22942. 76 (oD swt, tine (Soon) oan 
6 | 4356.796 | 1 IV 22946. 22 | atGorg—utGig | (0.22, 0.64, 1.03)? (0.20, 0.60, 1.00)~0.01, 
0.39, 0.80, 1.19, 1.59, 
99 
6 | 4355.958 | 10 I 22950. 64 | atFa—ztF fxg | (0.29, 0.88) 0.16, 0.70, (0.30, 0.92) 0.09, 0.70, 
133, 1.92 a 
6 | 4354. 985 5 IV 22955.76 | a@Hss—z*Hiss | (0) 1.09 (0. i) 1.085 
6 | 4353. 338 2 IV 22964.44 | a?Pix—z?Fixg | (0.15, 0.50)? = 0.46) 0.45, 0.74, 
1.05, 1.35 
6 | 4352.892 | 50acm| I 22966.81 | atFus—z*Fisg | (0) 1.30 (0.11) 1.306 
4 | 4352.47 2 IV 22969. 03 (0.17)? 
6 | 4350.820; 2 | WI A | 22977.74 | a®Di—2'Pixg 
6 | 4350.680 |} 1 IV 22978. 48 
4 | 4342.84 6 TII =| 23019.94 | a*H45—z*Hix, | (0) 0.90 (0.0 7) 0.8 
4 | 4312.21 4 III | 23023. 28 | a*Pi—zt*Dixg | (0.18, 0.57) 0.81, 1.15, | (0.20, a1) 0.68, 1.09, 
| — Li 50, 1.90 
6 | 4341. 016 40acm I 23029. 63 | atFsx—z2!Fiug | (0) 1.21 (0.09) 1.22) 
6 | 4336.129] 2 IV 23055.58 | b¢Hy.—wHing | (0) 0.90 (0.22) 0.88) 
6 | 4334.114| 4 III A | 23066.30 | a*Puc—zx*Dixy | (?w2 D) 1.0603; A | (0) 1.100 
6 | 4332.832 | 30acm| I | 23073.13 | atFnng—z*Fing | (0) 1.00 (0.07) 1.000 
6 | 4332. 380 1 IV 23075. 54 | b°Hs1s—w?Hixg | (0) 1.08 (0.09) 1.076 
6 | 4330.033 | 30acm| I 23088.04 | a*Fus—z*Firg | (0) 0.35 (0.01) 0.405 
5 | 4323.489 | [—1] 23122. 99 | a*Hss—2*Hisg 
4 |64322.37 | 1 23128.98 | 6? Pix—v*Pix (0) 0.38, 1.32 (0.02, 0.05) 1.32, 1.35 
4 | 4320. 29 1 23140. 11 | a?Hs;—z*Hixg | (0.21) 1.11 
4 | 4319.96 1 23141.88 | a%Ha—z!Hisg 
4 23148, 63 






(0.22) 0.916 
(0) 1.506 


(0.29, 0.87) 0.11, 0.69, 
1.27, 1.85 


(0) 1.783 
(0) 1.106 


(?) 1.32w1 (0) 1.346 

(0) 0.77 (0) 0.803 

(0) 0.94 (0) 0.856 

(0) 1.07 

(0) 1.04 (0) 0.956 

(0) 1 (0) 1.086 

(0.12, + ——s 73, 1.05) | (0.13, 0.40, 0.67, ) 

2.06 . ‘ \ 


(0) 1.03 
(?) wa D 1.61w3 B 











(0) 1.486 

(0) 0.68 (0.06) 0.666 
(?w2 D) 1.46 w2 B 

(0) 0.94 (0.04) 0.945 
(0) 1.08 (0.04) 1.106 
(0) 1.18 0.35) 1.256 
(0.15, 0.45, 0.75, 1.05) | (0.15, 0.43, 

1.96w;3 B . 





(0) 1.21 








(0.21) 1.200 
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TABLE 1.—Arc spectrum of vanadium (V1)—Continued 





(2) 


Asir A 


4265. 162 
4262. 169 
4261. 222 
4259. 320 


4257. 375 


#4252. 80 
4246. 69 
4241. 325 
4240. 368 
4240. 089 


4238. 97 

4236. 618 
4235. 765 
4234. 531 


4234. 010 


4232. 959 
4232. 466 
. 695 
. 740 
. 622 


. 133 
4222. 98 
4222. 33 
4221. 04 
4219. 51 


4218. 714 


4216. 38 
4213, 94 
4210. 85 
4209. 857 


4206. 68 
4204. 52 


4200. 89 
4200. 190 


4198, 621 


4197. 606 
4197. 29 
24195, 601 
4191. 55 
4189, 849 


4187. 665 
4186. 80 
4182, 596 


4182, 082 





4180, 89 





























(3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. 5 Term 
are class | ’v*°°™ | combinations 
Observed Computed 
8n | III 23439. 19 (0? ws D) 1.21ws 
6 Ill 23455. 66 | afHys—r'Hiy | (?wa D) 1.67u2 B (0) 1.506 
2 IV 23460. 87 | b°?G3x.—9!F ing 
8 I 93471. 33 | a*F24—z*Dixz | (0.41) 1.310: B (0.12, 0.37) 0.6 40.88 
1.13, 
6 ul 23482. 08 | a!Hy4—2'Hixs | (? wa D) 1.550; B (0) 1.55b 
1 IV 35 | @Hys—w*Gts, | (0) 0.93 (0) 0.98 
1 IV 3541.15 | a*Pi,—w? Fixe 
3 Il 23570.93 | b4Fas—utFing | (0) 1.52 (0) 1.486 
4 Ill 23576. 24 | b!Fais—u'Fing | (? wi D) 1.54 (0) 1.506 
3 IV 23577.80 | 'Faxs—u'Fisg (0.24, 0.72) 0.78, 1.28, (0.25, 0.76) 0.29, 0.79, 
2 IV 23584. 01 (0) 1.22 
1 III A | 23597.11 | a®Des—2°Gix, 
10 il 23601.86 | b'Fiz—utFixg | (0.20) 0.46 (0.21) 0.47b 
5 I 23608.75 | a*Fiy—2Dix, me oe) 0.18, 0.57, (0.18, 0.54) 0.22, 0.58, 
OF ng—ut Fig ; : 
12 I | 23611. 65 { ellie i } (0) 1.05001 A (0.11) 1.026 
12 Ill 23617. 51 | b'Fs—utFty, | (0) 1.23 (0.03) 1.22b 
15 lll 23620. 26 | b'Fys—utFisg | (0) 1.34 (0.04) 1.306 
4 Il 23635. 73 | b'Fiy;—u'F hy, (0.28,0.93) 0, 0.67, | (0.80,0.91) 0.09, 0.70, 
4 TI | 23646.66 | a*Pos—w*Diy; | (0) 0.87 _ (0) 0.888" 
(5) |CIL) | 23652.92 | bFae—utFixg |(?w2 D) 1.619 B 
5 III 23666.85 | b'Fy,—u'Fixg | (OP: D)—, 1.500: A} (0) 1.446 
1 IV 23673. 34 | 2°Fiy—e°Gess 
2 IV 23676.99 | b*Pass—w'Pixs | (0) 1.54 (0) 1.506 
1 23684. 23 | b‘Dox—p'Diss 
2 III A | 23692.81 | a*Day—y*F ig 
4 TIT A | 23697.25 | a*Dac—y*F hx | (0.19, 0.55, 0.96, 1.34) | (0.18,0.55, 0.92, 1.29, 
ws C 0.23, 0.60, 0.97, .134, 
- ~ 1.70, 2.07, 2.44, 2.81 
aDag—yt Fins 
1 IE A | 23710.40 |{%ey28—U.Gbs 
th 23724. 12 | b!Dox—p*Disz | (0.55) 0.75, 1.76 (0.56) 0.66, 1.78 
ih 23741. 52 | b4Dus—p'Ding? 
20 I 23747.11 | a*Dac—y*F ing | (2s B) 1.43, 2.47u3 C] 0.14, 0.43, 0.72, 1.01, 
1.30) 0.22, 0.51, 0.80, 
1.09, 1.38, 1.66, 1.95, 
2.24, 2.53 
1 23765. 04 | b'Dayx—p'Disg | (0) 1.49 
1 23777. 25 | a®Dix—y' Fix. 
1 III A | 23797.79 | a*Fa4—2’Diys 
4 III A | 23801.77 | a®Doxz—z?Gixg | (0.84, 1.04, 1.70) 0, | (0.34, 1.03, 1.72) 0.80, 
0.72, 1.30 —O.11, 0.58, 1.26, 
1.95, 2.64 
4 III A | 23810.66 | a*Da—y*Fisg | (—, 0.62, 1.01, 1.45) | (0.18, 0.56, 0.94, 1.32) 
0.21, 6.54, 0.95, 1.38,| 0.21, 0.59, 0.97, 1.34, 
1.76, 2.18, 2.60, — 1.71, 2.09, 2.47 
2 IV 23816. 24 | a*Hsi—yltg | (0) 1.05 (0) 1.036 
1 23818. 20 | a®Dox—y*F ix 
: on Seer Sets “ (36; 1.23) 0.20, 0.60 (eae, 38). 0.28, 0.5 
aD i—y' Fig 36, 1. 5 i 942, 1.26) —0.28, 0.56, 
10 TI — | 23850. 81 { b'Png—w'Phg : 1.40, 2.24 
12 I 23860. 51 | a*Day—y'Fisg | (0.16, 0.49, 0.79, 1.08) | (0.16, 0.46, 0.76, 1.06) 
0.17, 0.50, 0.80, 1.09,| 0.17, 0.47, 0.77, 1.07, 
1.41, 1.68 1.38, 1.69, 1.99, 2.29 
[1h] 23872. 95 | a*Diyg—2*Db55?| (0.56)? 002 (0.56) 0.56, 1.35 
1 23877. 92 | a*De4—z'Dixs | (0) 1.42 (0.13) 1.496 
10 I 23901. 89 | a®Dox—y'Fing | (0.24, 0.72, 1.20) 0, | (0.22, 0.68, 1.14) 0.01, 
0.43, 0.90, 1.43, — 0.47, 0.93, 1.38, 1.83, 
2 IV 23904. 82 | a%Huc—ylis | (0) 0.92 (0) 0.976 
1 IV 23911. 66 | b'Dag—p*Dirg | (0) 1.48 (0) 1.508 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
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23920. 05 


23933. 50 
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23980. 13 
23991. 11 


23992. 84 
24018. 19 


24029. 39 
24033. 47 


24041. 08 


24053. 50 
24055. 49 
24059. 22 
24070. 30 
24074. 18 


24081. 65 
24085. 53 
24096, 17 


24102. 60 
24130. 86 


24132. 32 
24137. 04 
24139. 84 
24152. 12 
24158. 79 


24159. 55 
24165. 22 
24168. 85 
24170. 48 
24175. 32 


24179. 93 
24184. 13 
24189. 42 
24194. 45 
24199. 25 


24203. 94 
24205. 44 
24212, 91 
24217, 55 
24241. 02 


24244. 07 
24246. 22 
24251. 18 
24259. 27 
24261. 81 


24268. 18 


24270. 32 
24272. 98 


24276. 70 
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b'D34—D'Dixs 
atF iy—z?Dix 
a!Doy—2* Dig 
a*Ds%—2'* Dig 


a’Pi4—w? Diy 
bt Pixs —w't Ping 
b'Piy4,—w' Pixs 
a*Dis—2* Dig 
°F 3u.— ft PF ay¢ 


oF in—f°F as 
a‘Hey—y*lixs 
a®’Dis—y* Dig 
a®’Doy—y*Dixg 
a®Ds—2?Gixg 


aDsy—y'!Day 


atDox—2'Dix 
aDas—y!Diss 
atHay—y*lisg 

a*Dox—y* Diss 


a'*Dox4—2' Ding 
aDix—y'Dixs 


2ADiu—f* Dag 
atDyy—w'F ix 
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bt Pin—w't Pig 
btPox—w' Pix 
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aD34—y'Dix 
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aDix—y’ Dix 
b4Fax—8!Dixg 
2Din—fDus 
aGsy—OHix 
atDiy—w'F ix 


a'Dayg— wt Fig 


bt Fix—s!Dixg 
aDy—w'tFix 
(ore —s'Dix 
(0*Pa4—7'Bi34) 


(—, 0.54, 0.93, 1.28, 
1.70) 0.20, 0.57 


2.48, 2.86, — 
(0) 1.37 
(0) 1.46 
(0) 1.19 


) 
(?) 1. '37 diffuse 
(0) 1.33 


}0.92)?ws 
(0.20, 0.61, 1.01, 1.45) 


(0.56) 0.56, 1.77 


(0) 1.09 
(0.32, 1.00) 0.83, 1.49, 
2.15 


13 


(0.51) 1.08 
(Ow:D) 1.42w1 O 
(0) 1.48 


(O0?w2D) 1.44w3 C 
(0.23, 0.72)?ws A 


(0.22) 0.20, 0.66 
(Ow; D) 1.50w: C 
(0.56) ws C 


(0.70) 1.12, 2.57 

(0.32, 0.97) 0.22, 0.84, 
1.49 

(0.49, 0.83) 0.52, 0.85, 


1.20, 1.55, 1.86 
(0.54) 1.33 





}ow. L141 


0.98, 1.34, 1.71, 2.09, 


0.22, 0.55, 0.93, 1.33, 





(0. 19, 0.58, 0.97, 1.36, 
1.75) ~0.23, 0.16, 
0.55, 0%, 1.83, L7, 
2.10, 2.49, 2.88 
(0.38) 1 


(0) 1.526 
(0) 1.156 
(0.45) 1.28, 2.13 


(0.11) 1.64) 
(0.02) 1.196 


(0.94) 0.88, 2.6, 
(0.28, 0.66) 0.94, 
1.39, 1.83, 2.27 

(0.21, 0.61, 1.01, 1.41) 
—0.28, 0.12,’ 0.52, 
0.92, 1.33, 1.74, 2.4 


(0.58) 0.58, 1.75 


(1.67) 1.626 


(0.33, 0.98)50.84, 149, 
2.15 


(1.07) 0.10, 2.23 
(0) 0.67 
(0) 1.406 


(0.50) 1.10, 2.10 


(0) 1.436 
(0) 1.448 


(0) 1.466 
(0.24, 0.72) 0.62, 1.10, 
1. 06 


) ae 


a ry 0. —_ 0.59 
(0. 55) 1, 142 
(0.71) 1.11, 2.53 


(0.34, 1.01) 0.18, 0.86, 
1.53 


(0.18, 0.52, 0.86) 0.49, 


0.83, 1.18, 1.53, 1.87 


(0.62) 1.296 
(0) 1.086 
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TaBLe 1.—Are spectrum of vanadium (V 1)—Continued 




















(2) (3) (4) (5) (6 (7) (8) 
Zeeman effect 
. Int. Temp. ry Term 
Aoir A arc class | ’"**C™™ | combinations 
Observed Computed 
4116.700 | 4a “LA | 2428448 | a*Diy—y"Dtyy 
4116. 60 0 24285. 06 a°Dos— Dis : 
416.479 | 50a I | 24285. 77 {otra — spe) }@e) 1.60 (0.04) 1.606 
4115.484 | 2 UI 24291. 65 a-ae 
a’D3y—y! . 
4115.179 | 60a I 24293. 45 {Ger sacate |} (PwaD) 1.54 (0.15) 1.566 
4114.525 | 3 IV 24297.31 | b*Fig—utGarg 
4113.517 | 12 Ill 24303. 27 | a*Pax—1w4Dixz | (0?02D) 1.05w9A (0) 1.106 
4112, 334 | 5 II 24310. 27 | a*Gus—t'F'xg | (1.11) 1.74 or (0) 1.09 | (0) 1.108 
ODi—yDix 
pe ties 
244—8* Dis) 
(O4Faxg—usGirg) 
A ig 
atGag—v? Hiss 
4110, 761 | 1 24319. 56 (etn, 
4 —-YViK o 
4109. 780 | 50a I | 24325, 36 |{fipes es }(o.71) 1.09, 2.54 (0.72) 1.14, 2.58 
4109.043 | 2 IV 24329. 73 | a*Pixs—w*Dbs, | (07, 0.20 | 0.88, 1.60? | (0. 80) 0.00, 2.50 
4108. 217 5 Ill 24334.62 | atGoayx—tF ix | (2a) (0) 0. 
4107.467| 4 III 24339. 06 | atPiys—wtDixg | (0.44, 1:35) 0.40, 1.2 (0.45, 135) 0.35, 1.25, 
4105.166 | 60a I 24352. 70 | a®Diss—y®Ding | (?) 1.48202C oO L yn 
4104.779 | 15 III 24355. 00 | b*Fas—s*Ding | (?t2) 1.3802 
4104.392 | 12 III 24357. 30 | a'Gsy—tFixg | (0) 1.36 (0) 1.366 
4103. 41 1 IV 24363.15 | b*Pas—s4!Dis 
4102, 163 | 20 II 24370. 53 | atDisg—wtF xs | (0) 0.88 (0) 0.886 
4101. 535 0 24374. 24 | atGor—t4F 3x4? 
4101. 000 0 24377. 44 | b4Dsy—r'Fixg | (0) 0.94 
4099.796 | 60a I 24384. 60 | a*Dax—y"Dixg | (0) 1.44 (0) 1.508 
4 Day—¢'F ing 
4098. 850 Oh 24390. 22 ame > I 
aHsy—u'tFin 
4096.935 | 3 IV 24401. 63 | b'Fay—s'Dhiz | (0.61)?u2C (0.47) 1.306 
4096. 50 1 24404. 23 | atF31¢—2°P ii, 
4095. 485 | 25 II 24410. 27 | a*Day—w'F ig | (0) 1.06 (0) 0.976 
4004285 | 3 Iv | 24417.42 pee }(r2p) 1.1901 © {Oe ise 
4093. 50 5 mI 24422. 11 atPoig— wots 27 1: 35 (1-26) 1-84 
4092. 694 | 50a 2446.91 | a®Dsx—y? 408 
en [f e*Pus— wtDiy (0.18, 0.55) 0.76, 1.15, | (0.20, 0.60) 0.70, 1.10, 
4092.417| 8 TIT | 24428. 58 |{fp. 35 Mae } - "> 100 
4001.948 | 3 III 24431. 37 | atPox—w'Dt | (0.91) 0 (0.90) —0.10, 1.70 
_ a'D3y —w'F ing . ° 
4090.587 | 25 I | 24430. 50 {etre ores \eoy'1.13 (0)"1.146 
4084. 75 1 2474.41 | atPog—1? 
4os4.24 | 1 247. a7 |{ ain es— 
4082.930 | 4 11 24485.34 | a*Pox—o'Ft | (0.85) 0, 1.73 (0.87)'—0.01, 1.73 
4078. 707 |{—1] 24510.68 | a*Fa,—z°Pirg 
4077. 971 cH 24515, 11 atFon— Pg 
191 24537. 85 | atGsu—ttGirg 
4072.16 | 33 Im 24550.06 | a!Pa—o'Fing | (0.19, 0.52, 0.86) 0.36, (0.18, 0.52, 0.86) 0.35, 
SRE ow 
4071.537 | 8 III 24553.85 | 64Po—stDirg | (P01) 1.0602 (0) 1.176 
4070. 78 4 II 24558. 38 | a'Fac—y*Fixg | (0.38) 1.3201 (0.48) 1.35b 
4068.00 | 4 II A | 24575.22 | a'Fus—y*Fisg | (0) 1.06 (@ 1.tte 
1. 
aGi4—tGhs r 
4067.742 | 3 IV | 24576.75 |{faprs—tiges |}(0.31) 1.18, 1.76 (0,16, 048) 1.52, 1.84, 
4065.421 | —1d? 24590.78 | atFa—2*P hig 
4063.932 | 10 IV 24599. 79 | atGo—t'Giy | (0) 0.56 (0.02) 0.585 
4062. 72 1 24607.14 | b*Pix—s!Ding 
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TABLE 1.—Arc spectrum of vanadium (V1)—-Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. Ne Term 
Ref.) Asir A arc class | ”"*°°™" | combinations 
Observed Computed 
4 | 4061.61 1 24613. 87 | b*Pixs—v®*Diy | (1.27) 0.45, 1.29 (0.38, 1.14) 0.64, 1.30 
4 | 4060. 85 1 24618. 47 a'Gng—- UG (0) 1.38 (0.13) 1 
6 | 4057. 822 5 24636.83 | b4Fa4—u*Dixg 
6 | 4057.069 | 10 lil 24641.41 | atGsu—tGirg | (0) 0.98 (0.21) 1.006 
5 | 4055. 963 | [Ohp?] 24648. 12 | a*Fix—2°P hs 
4 | 4053. 66 1 24662.13 | a*Pax—y*Diss 
6 | 4053. 267] 3 IV 24664.51 | b*Pus—s!Disg | (0.86) 0.83, 1.41 O23, o 0.81, 1.39, 
4 | 4052. 47 1 III A | 24669.37 | a*Fsxx—y®F ix | (0. 53) ts C (0.50) 1.286 
6 |°4051.356 | 12 III 24676.15 | a*Gsis—t#Gixg | (0) 1 (0.31) 1.246 
6 | 4050.961 | 10 III 24678. 55 | atGag—t*Gisg | (0) 1. 15 (0.22) 1.176 
6 | 4048. 619 4 II A | 24692.83 | atFas—y*Fiy | (0) 0.97 (0) 0.998 
5 | 4047. 380 lh 24700. 39 ar Fos— Wr 
4 | 4046.87 1 703.50 | atGa4—t'G§ 
6 4042. 632 5 III 24729. 40 b'Pinn—s'Dirs (0.19, 0.56) 9.77, 1.17, Of 0-0 60, 1.16, 
1.56 . 4 
4 | 4041.60 3 V 24735. 70 
4 | 4040. 31 : IV 24743. 60 | a*Gsx—tGing 
5 | 4037.358 | [—1h] 24761. 70 | atFo4—y® Fix? 
5 | 4036. 159 0 24769.06 | b4Poxs—z'Six 
5 | 4035.896 | [3] 24770. 67 | atFiy—z*Phss 
4 | 4034.71 1 IIL A | 24777.95 | atFns—z2*Pis 
5 | 4033. 062 1 24788.08 | a*Fsx—y* Fis 
4 | 4032. 85 2 III A | 24789.35 | atFi—y*Fiug | (?) 0.90 (0) 0.898 
5 |> 4032. 481 1 IV 24791.65 | a*Pis—y?Dixg | (0) 0.86 (1.36) 1.216 
6 |> 4031. 831 5 IV 24795.64 | a?Fsis—t?Fixg | (0) 1.09 (0.30) 1.096 
6 | 4031.220] 2 IV 24799.41 | b*Pow—stDixg | (1.28) 1.31 (1.30) 1.300 
4 | 4030. 12 1 24806. 14 | b*Pou—v*Diss 
4 | 4029.90 2 III A | 24807.49 | atFy4—z2*Pixg 
4 | 4028. 08 1 24818. 76 pr nt 
5 | 4026. 200 |[—1 24830.32 | a*Fis—yFi 
4 | 4025. 30 i 24835. 89 bDig—p'F hs (0.73) 0.42, 0.93, 1.48 — 0.30, 0.90, 
4 | 4024. 40 1 24841. 44 UD i4— OP 
—— 7 f bPisg—v’ Dis 
6 | 4023. 174 4 IV 24849. 00 |) or Piet? Fig 
5 | 4023. 066 |{—1?] 24849. 67 oP —0Des 
5 | 4022111 | [0] 24855.56 | atFay—y®F ing Pr Me 
4 | 4021.90 3 IV 24856. 88 | b'Pox—s*Dixg | (0.73) 0.89, 1.87 (0. 75) 0.35, 1.85 
4 | 4021.44 1 24859. 73 eu ae Fix 
%%— 1% 
4 | 4020. 54 1 24865. 30 { Pai 2P ha? 
4 | 4019. 45 1 24872. 03 | b*Dou—0!Ding 
6 | 4016. 699 1 24889.05 | b§Din—0!Dixg 
4 | 4015. 66 1 24895. 50 | atGoy—u? Fins 
4 | 4015. 35 24897. 42 | aH «as—u!Gix 
4 | 4015. 06 1 IV 24899. 22 YDus—PiEhs 
5 | 4012. 510 1] 24915. 04 | atFis—z*Pisg 
6 | 4011. 315 ; III 24922.47 | atPex—v'Diy | (O?w2 D) 1.03w2 A (0) 1.106 1.39 
4 |<4009. 77 2 III 24932. 06 | b*Dox--0tDixg | (0.49) 0.59, 1.55 (0.43) 0.54, 1. 
4| 4007.01 | 1 24949, 23 (Doren 
6 |>4003. 544 2 IV 24970. 84 | b*'Dex—ptFixg | (Ow) 1.06 (0) 0.736 
4 | 4003. 18 tr IV 24973. 09 | b*D24—0!Dixg 
4 | 4001. 66 1 IV 24982. 57 atPu4—ODiig (1.27) 1.24b 
4 - $ " 
6 |»4000.081 | 1 III | 24992. 45 pes } 0.50) 1.27?ws {‘0: 78) 0.21, 1.82 
5 | 3999. 939 0 24993. 34 | atFox—z!Pin 
6 eo I 95000. 89 |{ ,@{Hes—utGirg (0) 1.09 (0) 1.04b 
3998.731 | 15 , { (OH 
6 | 3994. 887 1 III 25024. 95 ane 
: ‘ atHsy—utGars 0) 0.90 
6 | 3992.801 | 12 T | 2508.01 |{ fre Meet (0) 1.02 (0) 
5 | 3991. 083 1 | 1 25048, 80 | b{Dax—0!Dig 
| 
4 ~—ut 0) 0.856 
6| 3000.574| 20 | 1 | 25061.99 {atu }@ 0.88 { (0) 0.800 
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TaBLe 1.—Arc spectrum of vanadium (V 1)—Continued 



































| @ @ |@ |] @ (6) | (7) (8) 
Int. | Temp. es Term Zeeman effect 
Ref.| Asie A arc class | ’¥**™"| combinations 
Observed Computed 
6 | 3088.834] 5 II 25062.92 | atHs4—u'Gix | (0.66) 1.13%2 C (0.58) 1.166 
4 | 3988.10 | 1 25067. 55 | a?Fs4—t2H ig 
5 | 3987.634| 1 25070. 46 | 6!Ds:;—0!Dii, 
6 | 3984.595 | 6 Il 25089. 58 | a ‘Ha—u'Gire| (0.8lw2 B)? w2 D (0.93) 1.076 
6 | 3984. 338 6 II 25091.19 | a*H3..—u'Gisg 
6 | 3980. 526 3 Ill 25115. 22 (0) 0.89 
6 | 3979. 427 4 III 25122.16 | b?Hay—t?Hiig | (Ow) 0.91 (0.04) 0.906 
6 | 3979.147| 4 III 25123. 93 | b4Da—ptGing | (0) 1.13 (0) 1.105 
4 3978. 34 1 25129. 04 | atHa1g—t0' Fig 
6 |3975.354] 1 IIL | 25147.90 | b*Da.—-0fD§y5 | (0) 1.42 (0) 1.70 
6 | 3973. 363 2 III 25160. 51 | 6?H414—t?H fg 
5 | 3971. 936 2 Ill 25169. 55 | b4Ds14—o0!Dixg | (0) 1.36 (0) 1.455 
4 | 3964.50 | 2 IIL =| 25216. 74 | 25Giss—e8Gerg 
6 | 3963. 634 4 II 25222. 26 (0) 1.01 
6 | 3950. 230 4 III 25307. 85 (0) 0.91 
4 | 3945. 88 1 Ill 25335. 76 | a?Do—v*Diry 
4 | 3945.17 2 III 25340. 32 | z°Gy—e8Gss¢ 
4 | 3944. 51 1 III 25344. 56 
6 | 3943. 666 12 I 25349. 97 | a*Ds15—w4Dirg | (0) 1.44 (0) 1.506 
4 | 3942. 008 6 II 25360. 63 | a?Gaxs—2z?Girg | (0?w2) 1.70w2 B (0) 1.626 
6 | 3941. 255 3 II 25365. 48 | atHa—wtHin, 
6 | 3940. 596 2 II 25369. 72 | a2Diw—v?Diy, | (0) 0.85 (0.07) 0.946 
6 | 3939. 337 4 II 25377. 82 | a*Hs1s—wtHixg | (O?w2 D) 1.59w2 B (0) 1.516 
4 | 3938. 89 2h I 25380. 71 20 iu—eoH 51s 
6 | 3938. 203 | 3 11 | 25385.12 | a?Fs¢—s*Gtis | (0) 1.00 (0) 1.015 
6 | 3937. 528 3 II 25389. 48 | a*Heg—wtHir, | (Ow: D) 1.50 (0) 1.466 
6 | 3936. 286 5 I 25397. 50 | a*Do—w'!Dix, | (6-26, 0.77) 0.48, 1.09, | (0.28, 0.83) 0.52, 1.08, 
1.60, 2.09 1.62, 2.18 
6 | 3935. 140 6 II 25404. 89 | atHs14—wtH§n, | (0) 0.64 (0) 0.650 
6 | 3934. 018 2 I 25412, 13 | a*Dsy4—2w! Dixy (0) 1.37 (0.12) 1.376 
6 | 3931. 345 5 II 25429. 43 a*Ha—w't Hig (0) 0.93 (0.07) 0.936 
6 | 3930. 028 10 I 25437. 93 | a?Gu—z?Ghyg | (0) 1.04 (0.30) 1.096 
5 | 3929.491 | —I1n 25441.41 | 2°Gix—fPF srg 
7 | 3927. 932 3 25451. 51 | a4Hs1g—2wtHisg | (O21) 1.082, (0.09) 1.095 
4 | 3926. 67 1 III 25459. 67 | z°Fi4—fGssq | (0) 1.44 (0.36) 1.386 
{ @2F a5—s?G ing | (0) 0.976 
6 | 3925. 244 10 I 25468. 94 |; a*Fan—z’Gixg | }(0) 0.93 (0) 1.916 
la*Fs1g—20 Hig | 
6 | 3924. 661 10 II 25472. 73 | atHex—twtHin, | (0) 1.18 (0.21) 1.206 
6 | 3922. 437 12 I 25487. 23 | a*Deaw—2w!Dix, | (0) 1.33 (0.11) 1.326 
6 | 3921. 914 6 I 25490. 57 | a*Dixg—t0! Dig | (0.53) 0.64, 1.69 (0.56) 0.64, 1.75 
5 | 3921.749] 0 25491. 63 | 2°Fi4—f'Garg 
6 | 3920. 491 5 I 25499. 82 | a4Disxe—to4Djisg | (0.53) 0.60, 0.98, 1.40 | (0.20, 0.59,) 0.60, 1.00, 
1.39 
6 | 3919. 990 2 III 25503. 08 | a4Huy—wtHi, 
4 | 3917.14 2 II 25521. 66 
4 | 3915. 36 2 II 25533. 26 
6| 3015.125| 2 II 25534. 77 | atHs¢—w'Hixg | (0) 1.60 (0) 1.555 
6 |43914. 329 5 I 25539. 95 
4 | 3013. 86 1 ILA 25543. 04 | a*Diy—1° 
4 | 39. 56 2 III 25545. 00 
6| 3012.887| 4 ILA | 25549. 38 | a*Day—w*Dixz| (OP: D) 1.39 wsC | (0) 1.350 
6 | 3912200 | 10 I | 25553. 80 (ops ied ms." 1 we 
a ; a‘Dox—w'Dix 1.34 (0.04) 0.045 
4} 3911.71 1 25557. 08 
6 | 3910. 796 5 I 25563. 04 | a*Doy—w Dixy | (0.39) 0.41, 1.21 (0.40) 0.40, 1.20 
atFyy—y'F hy 
6 | 3009. 892 | 20 I | 25668. 95 |{ #604 ages 
6 | 3909. 677 4 III 25570. 35 | a?Daxs—v"®Diy, | (0) 1.12 (0.07) 1.166 
4 | 3909. 40 tr IV 25572. 18 
6 | 3908, 311 4h Ill 25579. 27 (0) 1.20unsymmetri- 
cal. 
4 | 3907.17 2h II 25586. 77 D - (0) 1.40 (0.07 1.340 
» a'Doy—v'F ing .07 1. 
7 | 3006. 746 6 I 25589. 53 {aD wi Db, \@ 1.45 {to 1.385 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 











|} (2 
Ref.) Asir A 
—| 
! 
6 | 3904. 475 
5 | 3904. 402 
6 | 3904. 216 | 
6 | 3902. 550 
6 | 3902. 260 
6 | 3901. 681 
6 | 3901. 155 
6 | 3900. 168 
6 | 3899. 137 
6 | 3898. 271 
5 | 3898. 143 
6 | 3898. 007 
6 | 3897. 072 
4 | 3896.81 
6 | 3896. 624 
6 |43896. 147 
4 | 3895. 71 
6 |*3894. 028 
4 | 3893. 73 
6 | 3892. 864 
6 | 3892. 478 
5 | 3891. 227 
6 | 3891. 115 
6 | 3890. 188 
6 | 3889. 857 
6 | 3889. 236 
6 3888. 331 
6 | 3888. 081 | 
4 | 3887.56 
5 | 3886. 687 
6 | 3886. 584 
5 | 3886. 200 
6 | 3885.77 
4 | 3885.55 
4 | 3885. 33 
6 | 3884. 462 
6 |> 3883. 887 
6 | 3880. 265 
6 | 3879. 667 
6 | 3879. 225 
4 | 3878. 31 
6 | 3876. 740 
6 | 3876. 084 
6 | 3875. 909 
6 | 3875. 425 
6 | 3875. 081 | 
6 | 3874. 350 
6 | 3873. 640 
4 | 3873.21 
7 | 3872. 747 
6 | 3871. 083 
* 6 | 3870. 581 
6 | 3867. 610 
4 | 3867.33 | 
6 | 3864. 862 
4 | 3864. 55 
5 | 3864. 300 
6 | 3864. 110 
6 |43863. 864 
5 | 3863. 629 
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(5) (6) (7) | (8) 
ere Term Zeeman effect 
vae combinations 
Observed Computed 
25604. 41 | a?Dix—~—v® Dix, | (0.32) 1.49 (0) 1.408 
ORR 29 | f 2°Gig—e® Garg 
25604. 89 || pat oF 
25606.11 | a*Do,—1° (0?ws) 0.98 
25617. 04 | a*Dow—v'!Fisg | (0.45) 1.2809 (0.43) 0.43, 1.29 
25618. 94 | atFas—y'Fix 
25622. 75 | atFs—p*Dins 
25626. 20 | z°Fiss—f'Gssg | (Ows) 1.10we (0) 1.158 
25632. 69 | 2°Fixg—f0Gurg | (OPe1) 1.00ws (0) 1.198 
25639. 46 | (a2Dix—v?F ix) 
| 25645. 16 
25646. 00 | a2Gs15—2?Gisg 
25646.88 | z°Fix—f'Goys (O0?we) 1.17w, (0) 1.166 
25653. 06 | 2°Fin—f'Gix (0) 1.02 (0) 0.926 
25654. 77 | a®Hsy—w*Hiss 
25656. 00 
25659.15 | a*Dau—vi Fix (0) 0.27? (0.53) 1.306 
25662. 01 | y Fiiss—h® Gor? 
25673.10 | 2°Fixx—f°Gax | (0) 1.10 (0) 0.516 
25675. 00 
25680. 7 a'F3,—y'Fixg | (?w3D) 1.592 B (0) 1.486 
25683. 33 
25691. 58 | a*Di—v' Fix 
25692. 32 
= f atF3u,— 2G nn ‘ 
25608.44 |{ Ss paas \ 0.8601 B) 1.043 C | (0.82) 1.060 
25700. 62 | b*Fa,—t*F ig 
25704. 73 | b4F s34—t*Fis< me 
25710. 72 | @Dis—u?Disg | (0.33) 1.39202 (0.38) 0.786 
| 25712.37 | b*F s4—@Ging 
25715. 79 | a®*Hsy—w*Hisg 
25721. 59 | b&Fay—t*F ins 
25722. 27 | a®Ga—wiGisg | (O?w1) 1.251 (0) 1.250 
25724.81 | b'Fiy—t!Fix 
25727.66 | a®Gux—w*Gig 
25729. 10 
25730. 55 | 64Fasg—v* Tig 
25736. 32 | a®?Gs3u,—w?Ging vs 
25740. 14 | b4Fo4—t*Fixg | (0) 0.97 (0.35) 0.976 
25764.16 | b'Fius—t* Fix 
25768.13 | b*Fs4—t*Fix | (0) 1.17 (0.21) 1.18b 
25771. 07 oDas— VDE 
sale @Day—w? Dix 
25777. 18 l bb Fy4—0'H xg 
25787. 59 
25791.95 | atFys—2z?Gixg | (0.61) 1.12w3 C (0.56) 1.20b 
25793. 12 | atFas—ytFisg | (?) —, —, 1.56 (0) 1.456 
25796. 34 | a*Dou—vi Fix 
25798. 63 | atFsx—y!Fix | (0.26) 1.17w2 B (0.15) 1.18 
25803. 49 | b'Fa<—t* Fix (O?w2 D) 1.29w2 C (0) 1.28 
25808. 22 | a?Gs.—2?Dixy | (?w3 D) 0.47m3 A (0) 0.576 
25811. 11 u-ea 
jatDay—Ot Fig 
25814. 18 \a?D ix¢—2°Phsg 
25825. 27 | a®Gyx—2?F ix | (0) 1.17 (0) 1.276 
25828.62 | b4Fyas—t*Fixg | (0.30) 1.27 (0.30) 1.276 
25848. 47 BS (0) 1.28 (0) 1.28 
25850. 35 | a*Day—y* Ding 
25866.85 | atFax—y*Fixg | (0) 0.98 (0.07) 1.006 
25870. 14 
| 25870.60 | a?Gs4—w'Girg 
25871. 87 
25873. 52 | a?Gsx—z*F xg | (0) 0.86 (0) 0.876 





25875.09 | b'F 34—t4Fixg 
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TABLE 1.—Are spectrum of vanadium (V 1)—Continued 





3863. 40 
3862. 218 


3861. 593 
3859. 336 
3858. 680 
3857. 87 
3857. 70 


3855. 855 
3855. 370 
3854. 860 
3854. 58 

3854. 08 

099 
173 
158 
324 
331 


3852. 
3851. 
3850. 


3849. 
43847. 


56 
96 

888 
442 


502 


3846. 
3845. 
3844. 
3844. 
3843. 
3843. 


3842, 70 
3841. 892 


001 








3840. 757 


©3840, 443 


3840. 
53839. 
3839. 
3837. 
3837. 


136 
379 
001 
75 

427 


3836. 
53836. 056 
3835. 563 
3835. 1 
3834. 


48 


3834.22 
3834. 
3833. 8 
3833. 2 
3832. 


63831. 
| 3830. 5 
3830. 
3828. 
3828. 


830 
562 


3826. 
3825. 
3825. 
3823. 
3823. 


3823. 
3823. 


770 
32 
03 
977 
77 


40 
212 


3822. 890 
3822. 70 
3822, 008 
































(3) (4) (5) (6) (7) (8) 
Int. | Temp. om-1 Term Zeeman effect 
arc class | ’¥*° combinations 
Observed Computed 
1 25876. 64 | a?Hiy—w?Hix 
12 I | 25884.55 | atFng—z?Gig | (0) 0.82 (0) 0.810 
. a’? Day—2? Pig 
6h II | 25888. 73 (OR a mit 
6 It 25903. 87 | a4Dsy—v*Dixg | (0) 1.52 (0) 1.530 
5 ITA | 25908. 28 | a*Day—y2Dixg | (0.38) 1.23 (0.37) 1.26 
lh 25913. 72 | z2°Gin—fiF ais 
1 25914. 86 | y®Fin—h’Gsx 
60ra I 25927. 26 i Ig (orw,) 0.38 (0.03) 0.41b 
‘ atF y4—y' Fisg ?wy) 0. -03) 0.41 
30a I | 25930. 52 (oq vai, 
th 25033. 95 | 2°GIy,—foF ag? 
1 25935. 83 | a?G3u4—w?Ging 
1 III 25939. 19 
2 ITA | 25952.55 | afDiy—y?Dixg | (0.65) 0.51, 0.95 1.40 ar Yr: 0.70) 0.49, 0.96 
5 I 25958. 78 wali of (?w,) 1.671 0 on 
ean as 2G3u,—-8" Hix 
[3p?] 25965. 62 { Or Gee 
6 I 25971. 25 
20 I 25984. 69 | atFox—y*Fixg | (0?we2) 0.91, 1.48 (0.08, 0.22, 0.36) 0.79, 
0.93, 1.08, 1.2, 
1.37, 1.51 
1 25989. 89 | b4Fix—t*Girg 
3 II 25993. 95 
4 II 26001. 22 | a*Dix.—v'Diis | (0.58) 0.57, 1.72 (0.60) 0.60, 1.79 
20 I 26004. 23 | atFisx—y*F ig | (0.30, 0.91) 0, 0.66, | (0. 29, , 0.87) 0.11, 0.69, 
1.27, 1.93 -27, 1.85 
4 II 26010. 59 | a*Disg—y? Dig | (0) 1.15 @ 1.176 
2 II 26013. 98 
3 rat 26016. 02 | a*Dox—y*Dis (0 38) 0.38, 1.11 (0.36) 0.36, 1.09 
5 IA | 26021. 50 | a*Fs;—z*Girg 1.03 (0) 1.016 
60r I 26029.19 | at*F's~—y*Dix ‘on D) 1.13; C (0) 1.026 
80r Fe; II 26031. 57 | a*Dsx%—v!Dixg 
4 I 26033. 38 | a®?Gsyg—z?Fixg | (0.49) ?w3 C (0. rt : “e 
s II 26038. 52 | a*Day—o'F ir | (0) 0.99 (0) 0 
10 I 26041.09 | a*Dey—v'Dixg | (0) 1.31 (0. 15). i ‘306 
hd 26049. 61 | b4Diy—t*Pisg 
1 26051.76 | atFas—y® Diss 
1 IV 26058. 22 (0) 1.28 
5 I 26061. 08 | a*Dix—v!Dix | (0. 44) 1.10) (0.20) 1.126 
4 II 26064. 43 oo Unaffected (0) 0 
@Fyy—r' Fix 
[3p?] 26067. 03 |{ Pet De, 
tr IV 26069. 64 | b4Fa<—t*Gixy | (0) 0.97 (0) 0.983 
100r Fe; II 26073. 49 | a?Pox—v?Dix 
[4] 26074. 05 | a?Gusg—v9Gi, 
1 26076. 44 | a®Pi4—8*Diig? 
3 Ill 26080. 34 | a®G4s5—y"Hisg 
4 III 26082. 97 | a?Pix4—v'Dix | (0.45) 1.050; C (0.39) 1.066 
3 II 26089.77 | b*Fass—t*Gixg | (0.59) 1.48c2 diffuse | (0.41) 1.266 
1 26098. 28 | b°Gax—s*Hixy 
2 Ill 26101. 00 
4 II 26110. 26 | a?Ga4—y*His, 
60r II 26112.09 | a*Fax—y'Dixs | (0.21) 0.922 C (0.09, 0.25) 0.76, 0.92 
1.09, 1.26 
6 II 26124. 31 | a*Doy—v! Dig 
4 II 26134. 23 | b*Hug—o'F iss 
1 lil 26136. 20 | b4F 334—t'Ging 
5 II =| 26143.40 | a*Di—v'Dirg | (0) 1.40 (0) 1.428 
4 II 26144. 82 | a?Day4—w? Pix 
1 IIIT A | 26147. 35 A 
a’Dax—2*Disg 3 ; 
15 I | 26148. 63 ee }er) 1.43ws A (0) 1.456 
15 I | 26150. 83 | a*Day—z*Disg | (0) 1.43 (0) 1.408 
1 III 26152. 14 
30 I | 26156.86 | a*Fsc—y*Dixg | (0.541) 1.250 (0.56) 1.306 
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TABLE 1.—Are spectrum of vanadium (V 1)—Continued 





+ 


6 
6 
4 
6 
6 
6 
6 
6 
6 
5 
6 
5 
6 


on 


an 


Sanaa @ on SD FD HN AS 


(3) 


Int. 


arc 


(4) 


Temp. 
class 


(5) 


Yyaccm—! 


(6) 


Term 
combinations 


(7) 


a 


(8) 





Zeeman effect 





Observed 


Computed 








3821. 485 
3820, 299 
3819. 967 
3818. 76 

3818. 241 


3817. 978 
3817. 847 
3815. 514 
3813. 499 


3813. 347 
3811. 32 
3809. 599 


3809. 08 
3808. 521 


308. 11 





~ SS 
3s 5 


, 
omato 


loTias) oo to oo S aw 


zw & 


— © mw Hom 





26160. 45 
26168. 56 
26170. 84 
26179. 10 


26182. 67 


- 48 
5. 38 
. 39 


26230. 
26242. 
26245. 6% 
26249. 
26252. 3 


26256. 49 
26261. 37 
26263. 81 
26274. 35 
26276. 55 
26281. 37 
26282. 19 
26284. 23 
26288. 41 
26300. 33 


26308. 89 
26310. 40 
26313. 31 


26317. 63 
26320. 40 
26332. 84 
26334. 64 
26343. 28 
26352. 63 


26357. 92 
26368. 51 


26374 

26375. 46 
27386 

26388. 23 
26394. 85 
26397. 62 
26413. 85 
26414. 87 
26427. 06 


26429. 68 
26435. 37 
26437. 76 
26449. 19 
26450. 02 
16456. 76 
26465. 10 
26467. 37 


a®Diy—2* Dig 
a'Dea—v'! Dh, 
a®§Dy—2z* Dig 
@D34—w? Pig 
j @Fig—y* Ding 
((a4F'3x4—y® Dis) 


aGiy—2'ling 
atFyy—y* Dig 
ab Dou—r* Dix 
(mens apt 
(a®Diy—a2*Dix) 
6 Asy—r?Gis 


2°Dixg—f®Pasg 
a’ Da—2* Ding 
2°Diun—f*P irs 
atF y3x6—y' Diss 


2°Dixs—f* Pass 


a Dous—2* Dig 
@Gug—v'Gix 
b*F iy—r' Dig 
@Hs4—lUGix 
b'Pa,—v'Pisg 





atF34.—y' Dig 
@Gy—v?Gi4 
a’D3y4—2°Dixg 
(@Fay4—r?Gixg) 
@G34—y' Hig 
atFy4—y® Dis 


@Di4—2 Dig 
b'Fey—ri Dig 
b’G34—-@’? G3 
{f@Pix—e’ Dix 
( 2Din—fPPis 


a? Hyg —LG hg 
{ 2Diu—f*Pos 
(\@Hsy—l Fis 
{a Diy—z* Dig 


atFy4—y'* Dig 
2Dix—f*Piss 
aFy.—y® Diss 


OGyy—wFing 
a6 Doy—2* Dig 


oDix—f'Pass 


@Hs4—v' Hiss 
@Hy—PHiy 
OF 34—r'!Ding 
atF 3344—y° Dig 
b'Pex—r'Dig 


@Gy4— 215, 
@Hyy—VGig 
{ b'Po4—v' Ping 
aFin—yDix 
b'Feu—r!Dixg 
@G34—w? Fi 


a@D314—27° Dig 

{ 6° Pix—t?Pisg 
@Gis—y!Hix 

atFs.—y'Dis 





26469. 38 





26474. 36 | 


@G34—-0Gix 


(atFoy—y'Dixg [J 


(0.70) 1.13, 2.52 
(0) 1.44 


} (0.28) 0.22, 0.62 


(0) 3.27 
eK 0.90) 0.42, 0.82, 
1.16, 1.49, 1.85 


(0) 1.58 
(0.38, 1.15) 0.00, 0.76, 
1.52 


(0.70) 1.08, 2.48 
(0.23) 1.04 


(0) 1.49 


(0.31) 0. 93wiC 
ho 1.51 
(0) 0.59 diffuse 


(Ow2D) 1.40w; A? 


(0) 0.85 
\(0) 1.16 


(0) 0. 90 


\ (ows?) 1.4801? 
(0.47, 1.41) 
1.81, 2.76 


0. 96, 


(0.85, 1.51) 0?, 0.70, 
1.30, 1.91 

(0) 1.14 

(0) 1.41 


(0) 1.06 


\(o) 1.45 


(0) 0.91 


(C) 1.43 
(0) 0.85 





b'Fyy—r' Dix 


(0) 1.11 


(0.71) 1.11, 2.53 
(0) 1.546 


(0.23) 0.17, 0.63 


(0.03) 3.266 
(0.17, 0.50, 0.83) 0.51, 
0.84, 1.17, 1.51, 1.84 


(0.07) 1.606 
(0.38, 1.15) 0.02, 0.78, 
1.55 


(0.74) 1.08, 2.56 
(0.30) 1.09 


(0) 1.480 


(0. 32) 0. 946 
(0. 03) 1. 526 
(0) 0.476 


(0) 1.40 


(0. 09) 0. 886 
(0) 1. 106 


(0) 0. 906 


f(0. 20) 1. 506 

\(0) 1. 866 

(0.47, 1.41) —0.07, 
0.87, 1.81, 2.25 


(0.30, 0.88, 1.46) 0.13, 
0.71, 1.30, 1.89, 2.47 

(0) 1.226 

(0) 1.410 


(0.09) 1.066 


f(.13) 1.516 
((2.05) 1.130 


(0) 0.936 
0) 1.366 


( 
{(0.18) 1.306 
(0) 0.918 





(0) 1.148 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 





(3) 


(4) 


Temp. 
class 


(5) 


Yyaccmm-! 


(6) 


Term 
combinations 





Zeeman effect 





Observed 


Computed 





68775. 711 
3775. 193 
3774. 116 
3772. 755 
3772. 472 


3772. 157 
3771. 66 
3771.17 
3770. 520} 
3769. 996 


3769. 83 
3769. 072 
3767. 250 


3766. 405 
3765. 632 
80 

142 


445 
800 


3764. 
3763. 
3761. 
3760. 
3760. 643 


3759. 319 
3758. 784 
3758. 548 
758. 293 
3756. 89 


3756. 036 
3755. 699 
3753. 273 


3752. 11 
3751. 780 


3750. 12 
3750. 062 
3749. 374 


3747. 980 
3747. 131 


3743. 89 

3741. 499 
3740. 236 
3738. 760 
3737. 992 


3737. 426 
#3736. 00 
3734. 428 
3734, 286 
3732. 067 


8731. 02 


3723. 332 
3722. 606 


3722. 201 
3721, 996 
8721. 446 


$3721, 353 
3720, 92 


8718. 913 
3717. 54 





8714. 85 





~ oS 


at ee OO DD m= boot e e ADA 


eo Ge Ww 


w 








26537. 
26543. 
26548. 


26554. 
26566. 
26578. 
26582. ! 
26583. 


26635. 87 
26644. 14 
26646. 48 


26658. 28 
26658. 68 
26663. 57 


26673. 49 
26679. 53 


26702. 62 
26719. 68 
26728. 71 
26739. 27 
26744. 75 


26748. 80 
26759. 01 
26770. 28 
26771. 30 
26787, 21 


26794. 71 
26800. 74 
26809. 00 
26843, 98 
26848. 38 


26850. 05 


26855. 29 


26858, 21 
26859. 70 
26863. 71 


26864. 34 


26867. 50 
26881. 96 
26891. 91 
26911. 38 


AF h—9'Dasg 
b'Pin— vi Pixs 
a* Pog —T*Shiy 
@Pi4—7*Si% 
atHs1.—v? Hing 


aFi4—y!Dix 
a4!D34—u4Dis 
atDoy—utDing 
@Pox—z? Pix 


atHy4—t4 Fix, 
a’Piyn—wDix 
aD 14.—us Dis? 
5 ee Fix 
BF ix¢—9°Ds14 
2OFix—g*Dorg 


BP Gus—@Giss 
b4Pox4—r1 Dis 
btPin—vtPirg 
@G34—w?F ix 
atPas—Y'Shig 


b'Dow—3ix 
atHey—v? Hing 
atHsy—tt Fix 
at Doyx—u! Dis? 
btDiy—3inx 


atDi4—u4 Dixy 
{eps epa 
ADix—9Da1g 
aPi4—2z? Pix 
OFin—gDix 
a!Da4—u! Dig 


bf Piy—r Diy 
atHs—v? Hig 
atD34—U'! Dis 
{ b'Px.—r Diy 
bt Pow—v Piss 
a'‘Dox—u' Dix 


2Dix5—9* Dass 
O'Pin—r'Dix 
b§Pis—vt Pig 
atHsay—tGirs 


aD i—ut Dix 
2Dix5—9' Dis 
b*Pou—v' Pix 
atPin4—y'Six 
a!Po2,—z1 Pix 


ADin—g*Darg 
a'Day4—wtDixs 
atHy—t* Gig 
O° Pox—pt Fix 
atH3y4—tGi 


b'Pox—r! Dixy 
atHoy—t!Gig 
2Di54—9 Das 
ADin—9D3y5? 
atHsy—t'Ging 

atPox—ytSing 


aFyu—22F iy 


b'Pix—rt Diy 
AGix—e'Hexs 





atHas—t'Gisg 








(0) 1.22 
(0.43) 1.27w1 C? 


(0) 1.52 


(0) 1.03 

(2w~2 D) 0.48w2 A? 
diffuse 

(0) 1.00 


(0) 1.05 
(0.40) 1.41 


(0.55) ?we 


(0) 0.63, 1.41 


(0) 1.08 


(0) 1.12 
(0?w2 D) 1.36u; A 
(0?w2 D?) 1.36w; A? 


(0) 1.34 


(Ow,) 1.08; 
(.58) 0.59, 1.75 


(0) 1.45 
(0w1) 1.3101 
(0) 0.67 
(0) 1.50 
(0) 1.46 


(Ow: D) 1.49u; C 
(0) 0.82 


(1.24) 1.28 
(0) 1.12 


(0) 0.93 


(0.38) 1.41, — 


(0) 1.10 


(0) 1.466 
(0.44) 1.24, 2.12 


(0) 1.526 


(0) 1.066 
| (0) 0.57 
(0) 0.946 


(0.11) 1.106 
(0.46) 1.436 


(0.59) 0.986 


(0.10) 1.166 
(0) 1.586 
(0.45) 1.366 


(0.07) 1.345 


((0) 1.136 
(0.02) 2.58 
(0.56) 0.56, 1.68 
(0.56) 1.48) 


(0) 1.336 
(0) 0.74 


(0) 1.528 


(0.02) 1.546 
(0) 1.396 
(0) 0.78 


(1.28) 1.82b 


(0) 0.876 


(0.06, 0.19, 0.32) 0.88 
1.01, 1.14, 1.26, 1.39 
1.52 
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TABLE 1.—Are spectrum of vanadium (V 1)—Continued 
a} @ (3) (4) (5) (6) (7) (8) 
| Zeeman effect 
i Int. Temp. = Term 
Ref.| Yair A are class | ’"*°°™"" | combinations 
Observed Computed 
6 | 3713.955 | 5 ILA | 26017.84 | a!Fus—2’Fhig | (O?w: D) 1.730: B (0) 1.756 
4 | 3713. 55 1 III 26920. 80 | 6!Pox—réDiss 
4 | 3713.31 1 Ill 26922. 54 | atGyy—stGix 
4 3711. 41 1 | 26936. 32 | atGss—s'Gisg | (0) 1.34 (0.31) 1.305 
6 | 3708.718 | 6 II 26955. 85 | a*Hs1—u?Hixg | (0) 1.02 (0.04) 1.060 
6 | 3706.031 | 4 II 26975.39 | a?Has—u?Hixs | (0) 0.85 (0.19) 0.886 
4| 3705.82 | 1 Ill 26976.94 | 2°G8u—e%Hsx 
6 | 3705.037 | 30 I 26982. 62 | a*Dax—y®Pisg | (0.34, 1.05) 0.48, 1.16, | (0.36, 1.07) 0.54, 1.25, 
1.90, 2.64 1.96, 2.68 
6 | 3704.705 | 60 II 26985. 06 | a®Dax—y®Piss | (0?ws D?) 1.33w3 A? | (0) 1.246 
6 | 3703.993 | 2 II 26990. 24 | atPay4—2'P ix 
6 | 3703. 566 | 100a II 26993. 36 | a*Dy—y*Piis | (078; D?) 1.40ws A? | (0) 1.360 
5 | 3702. 231 ih 27003. 08 | z°Gix—f'Gsr 
4 | 3700.63 tr III A | 27014.76 | a?Gu—t*Dix 
6 | 3699.474 | 3 II 27023. 21 arog 2H Ys (0.77) 0.99ws (0.93) 1.006 
} aDiy4—yPix a 
6 | 3695.867 | 40 II | 27049. 56 as | oe 
(a*Fo4— 2? Fixx) : ve 
6 | 3695.331 | 30 II 27053. 51 ACH (0) 1.19 diffuse (0) 1.22 
| 2A0/ 7 ro mq |f 2GI4—eHasg 
6 | 3694.617| 3 II 27058. 73 |! Tipit sp hn 
6 | 3692.224 | 50 II 27076. 28 | a®Do—y*Pig | (0.48) 1.673 C (0.33) 1.68b 
7 | 3690.277 | 40 II 27090.56 | a®Du—y*Pix | (0.45 1.82, 2.71 (0.49) 1.83, 2.81 
6 | 3688070 | 50 Il 27106.77 | a®Dsu—y*Pixg | (0.38) 1.57 (0.27) 1.58b 
6 |>3687.473 | 12? II? 27111.16 | 2°Ghis—e®Hos | (0) 1.20 (0) 1.416 
4 | 3686. 74 1 ll 27116. 51 
6 | 3686.259] 8 I 27120.08 | a*Gu—z*Hiy | (0) 0.98 (0) 0.968 
4 | 3684. 35 3 II 27134.17 | 2°Giu—e*Hag | (0.87)?w3 C 
6 | 3683. 114 | 30 I 27143. 24 | a*Di—y®Pixg | (0) 1.77 (0) 1.72b 
5 | 3682.581| 0 27147.17 | atFyg—2*F ing? 
5 | 3682.064 | [0] 27150.98 | atPo4—zx! Pir 
6 | 3680.103 | 15 II 27165.45 | 2Gisc—e*Hss | (0) 1.02 (0) 1.008 
63677. 08 2 | TA | 27187.80| a!Fig—z*Fiss | (0.22, 0.67)? (0.34, 1.01) 0.06, 0.74 
1.41, 2. 
7 | 3676.693 | 10 | a4 7190.65 | 28Gix—f°Gers | (0.43)? (0.42) 1.89b 
6 | 3675.698 | 20 II 27198. 00 | a®Dax—y®Piss | (0) 1.67 (0) 1.653 
4 | 3675.49 3 Ill 27199. 56 | 28G3—e*Ha1 
6 |>3673.392 | 12 Ill 27215. 06 | z°Giss—e*Hass | (0) 0.93 (0) 1.136 
6 |>3672.304 | 8 II 27222.48 | z°Gin—f*Gsr | (0) 1.26 (0.36) 1.30b 
6 | 3671.207 | 10 I 27281. 27 | a*Gs—z?Hixg | (0) 0.89 (0) 0.886 
| 
6 |*3667. 731 | 15 II 27257.08 | 2°Gix—e%Ha | (0) 0.79 (0) 1.006 
6 | 3665.137| 8 II 27276.38 | 2Gix—f'Gus | (0) 1.19 (0.15) 1.246 
6 | 3663.582 | 15 II 27287.95 | 2°Giu—e*Hns | (0) 0.67 diffuse (0) 0.675 
4 | 3662. 01 1 III 27299.66 | 2°Fix—g* Fis 
4 | 3661.37 2 III 27304. 42 | a®Gug—z*Hixy | (0) 0.96 diffuse (0) 1.028 
4 | 3659. 45 2 ul 27318. 74 
5 | 3658. 274 | —1? 27327. 54 | 2°Fixs—g* Fax 
4 |3657. 47 2 IA | 27833.54 | atFax—z2?Fix | (0) 1.25 (0) 1.016 
6 | 3656.689 | 6 II 7339. 38 | 2Gis—f°Gayg | (0.25) 1.11 (0.06) 1.116 
4 | 3654. 67 2 Ill 27354.46 | zFi—g*F sg | (?) 0.48 diffuse 
7 | 3652.453 | 2 | TIT 27371. 08 pt ol th (0?w2 D) 0.80 w: A er 
me - i“ 2% x 4 
6 | 3648.962| 5 1 | 27307. 28 |{ ROB ters |} crys) (1.17 ws H{f0) Toa 
5 | 3648.382 | tr IV 27401. 63 | a*Days—u? Fins 
7 | 3647.359 | 3 II 27409. 32 | b!Pa—stF ig | (0.63)? 
5 | 3647.157 | Oh 27410.83 | 2°Gin—f®Gsy 
7 | 3645.626| 3 II 27422. 34 
6 |>3644.709 | 8 II 27429. 25 | a?Gug—w?Giss | (0) 1.04 (0.52) 1.060 
4 | 3644. 34 1 III A | 27432. 02 
5 | 3644. 264 | —1 27432.59 | 2°Gixn—f*Gurs 
6 | 3643.859 | 5 II 27435. 64 | atDug—w*Fixs | (0) 0.78 (0) 0.746 
4| 3643.10 | 1 Il | 2741.39 { epi aes 
6 |93641.082 | 4 IL | 27456.57 | 2Gin—f*Gus | (0.54)? ws (0.53) 0.196 
4 |¢3640.392 | 15Fe | IV 27461.75 | 2°Gin—f'Gu, 
4 | 3640. 05 2 III 27464. 38 | 2Fin—g*F i 
6 | 3639.023| 6 II 27472. 10 | a*Day—u? Fix, | (0) 1.00 (0) 1.046 
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Moggers First Spectrum of Vanadium 159 
TaBLe 1.—Arc spectrum of vanadium (V1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
‘ a Term 
Ref.) Yair A se —_- vvecCM™ | combinations 
Observed Computed 
4 | 3638. 35 2 III 27477. 21 
6 | 3637.762| 3 IV 27481. 63 (0) 0.88 
5 | 3637. 240 | —1 27485. 57 | 2°Gin—f6Gay, 
4 | 3636. 95 1 Ill 27487. 78 
5 | 3635.873 | 3 Ill 27495. 90 (0) 1.07 
4 | 3635. 41 2 27499.43 | atGax—p!Dis 
4 | 3633. 91 3 Ill 27510. 77 2Din—g*F ars 
5| 3632.871| 1 27518. 62 {Kans ook, P 
4 | 3632. 52 1 27521.29 | 28Fin—g*F sx, 
4 |3629. 31 2 III 27545.63 | 2Din—g*F sss | (0.56) 0.85 (0.16, 0.48, 0.80) 0.46, 
0.78, 1.10, 1.42, 1,744 
2.06 
4 | 3628. 38 1 III 27552. 68 | 2°Dix—g* Fis 
4 | 3625.58 1 27573.96 | z°Dix—g*F ns 
5} 3624149 | —1 27584.85 | bs Fis—gtDixs 
4 | 3622. 64 2 Ill 27596. 33 | z°Diis—g* F's 
5 | 3619.529| 0 27620.06 | b*Frx—g!Dix 
4 | 3617. 29 1 Ill 27637. 14 | a®Ga—wiGirg 
6 | 3616.727| 3 III 27641. 46 (0) 1.01 
5| 3610.810] 0 27686.75 | b4Fsx,—g*Diis 
6 | 3609. 296 3 Ilr 27698. 36 | b4Pi34—w4Sis?| (0.37) 1.72 (0.36) 1.816 
5 | 3606.604 | 8 II? | 27718.34 | a?Gsx—u?Girg | (0) 0.86 (0) 0.88 
6 |23605.578 | 3 III 27726. 93 (0) 0.87 ; 
4 | 3604. 09 1 IV 27738. 40 
6 | 3600.024 | 5 II 27769. 69 | a?Dox4—v?Pixz. | (0) 0.99 (0) 1.046 
4 | 3598. 11 1 Ill 27784. 49 | b'Fas—qiDixs 
5 | 3595.613 | 1 lil 27803.77 | axDixy—v*Pisg | (O?w1) 1.15001 (0.52) 1.15b 
6 | 3592.527| 3 III 27827. 65 (0) 0.96 
4 | 3592. 17 1 11A | 27830.43 
4 | 3591. 08 1 ll 27838.87 | b*P2x—g'!Dhy 
5 | 3586. 222 | —1 27876. 57 | atGus—r' Fixx 
5 | 3586111] 2 Vv 27877. 43 
5 | 3584.333 | [0h] 27891. 26 | b4Pixs—w'Stis 
6 | 3583.706 | 8 II 27896. 14 | a*Dax—z!Pig | (0) 1.20 (0) 1.206 
6| 3582.814| 3 III 27903. 09 | atGss—riFixs | (0) 1.18 (0) 1.296 
6 |°3580. 823 3 Ill 27918. 60 | atGay—r'Fixg | (0) 0.60u1 A (0) 0.606 
4 | 3579.31 1 IV 27930. 39 
4} 3579. 09 2 Ill 27932. 10 | atGsx—r'F ix 
6 | 357.868 | 4 II 27941. 67 | atGa4—r'Fixg 
6 |$3575.124.| 3 ul 27963.11 | atGac—r'Fixg | (0.35) 1.05 (0.44) 1.206 
6 | 3574.768 | 3 II 27965.90 | a?Dix—v?Pi% | (0)0.86 (0) 0.898 
5| 3574173} 1 27970. 54 | a?Faxx—8?F iy 
6 | 3573.506 | 5 II 27975. 76 | atGa—g*F fg | (0) 1.34 (0) 1.296 
6 | 3572623 | 2 III 27982. 69 | b*P24—g¢*Dixx?| (0) 1.34 diffuse (0) 1.366 
4} 3572. 30 1 TILA | 27985. .8 | atDsx—z?Dix 
6 |*3571.649 | 5 II 27990. 32 | atGsig—giE iy | (0) 0.87 (0) 1.006 
6 | 3571.210] 2 III 27993. 75 
6 | 3571.027 | 4 II 27995. 19 | atGsy—g*Firg | (0) 1.29 (0) 1.380 
6 | 3569. 081 1 ILA | 28010.45 | atPay¢—tDisg 
6| 3568.929| 3 lll 28011. 65 | atGox—q'*Fixg | (0) 0.59 (0) 0.596 
4 | 3566. 81 1 28028. 32 | atGsy—r‘*Fisg * 
6 |43566.176 | 4 Ill 28033. 29 | a*Dax—2*Pixg | (0.38, 0.87) 0.26, 0.61, | (0.09, 0.28, 0.47), 1.07, 
1.04, 1.49 1.26, 1.45, 1.63, 1.82 
5 | 3565.480 | [~1] 28038. 74 | b4Pix—q*Dixg? 
5 | 3564.984] 1 IIL A | 28042.64 | atFa,—2°Dix, 
4 | 3563, 52 1 IV 28054. 19 
6 | 3563.394 | 2 III 28055. 15 | a*Ga—q*Fixg | (0.21) 1.18 (0.30) 1.18 
6 193562.133 | 2 III 28065. 08 | a?Fs4—s*Fixg | (0) 1.08 (0.35) 1.086 
4 | 3561. 40 1 lil 28070. 88 (0.71) ?wa B 
6 | 3557.164 | 2 III 28104. 29 | a*Diss—y? Pig 
7 | 3656.241 | 4 II 28111. 58 (0) 1.27 
6 | 3555.735 | 2 II 28115. 57 | a*Pius—w'Dixs | (0.17, 0.79) 0.83, — (0.26, 0.78) 0.40, 0.92, 
1.44, 1. 
6 | 8555.140 | 3 III 28120. 30 | a*Pixg—t*Dis | (0.84) 0.82,'2.49 £0.85) 0.85, 2055 


73059 —86——11 





160 Journal of Research of the National Bureau of Stanaards 


(Vol. 17 


TABLE 1.—Arc spectrum of vanadium (V1)—Continued 





6 
5 
5 
6 
5 
4 
6 
6 
5 
6 
5 
5 
6 
5 
7 
6 
7 
5 
6 
5 
5 
4 
6 
5 
6 
7 
4 
4 
5 
4 
6 
6 
4 
6 
6 
6 
4 
4 
6 
6 
4 
4 
4 
6 
6 
5 
7 
4 
5 
6 





=) art oO 


(3) 





3553. 274 
3552. 814 
3552. 598 
3551. 534 
3548. 696? 


3546. 78 
3545. 339 
3543. 498 
3543. 171 
3542. 656 


3541. 239? 
3541, 156 
3540. 534 
3536. 036 
3534. 739 


63533. 759 
3533. 666 
3530. 869 
3529. 743 


3529. 474 


3528. 198 
3527. 74 
3525. 767 
3524. 009 
>3522. 568 


63519. 165 
3518. 12 
3516. 20 
3514. 629 
3511. 87 


3506. 845 
3505. 694 
3505. 24 

3503. 181 
3501. 489 


>3500. 818 
63500. 32 
3499. 00 
53498. 198 
23496. 939 


3496. 25 
3491. 39 
3490. 25 
3489. 466 
3487. 008 


3485. 867 
3482. 188 
3480. 78 

3465. 243 


3463. 393 


13461. 66 
3460. 099 
3456. 917 
3455. 80 
3455. 585 
34565. 211 
3454. 881 


3453. 51 
3452. 98 





3450. 504 


COre ew ~~ OO 


— 
~ 
y 


-_—e Oo mee 


So. 
™ 


125R Ni 
1 
4 
tr 
1 





(4) 


(5) 


Yvaccm=! 


(6) 


Term 


(7) 





Zeeman effect 





combinations 


Observed 


Computed 








28135. 06 
28138. 69 
28140. 40 
28148. 84 
28171. 35 


28186. 56 
28198. 02 
28212. 66 
28215. 27 
28219. 38 


28230. 67 
28231. 37 
28236. 28 
28272. 20 
28282. 56 


28290. 42 
28291. 16 
28313. 58 
28322. 62 


28324. 77 


28335. 01 
28338. 73 
28354. 55 
28368. 69 


28556. 61 
28560. 66 
28571. 43 
28578. 00 
28588. 28 


28593. 90 
28633. 68 
28643. 04 
28649. 51 
28669. 70 


28679. 09 
28709. 40 
28721. 03 
28849. 77 


28865. 19 


28879. 63 
28892. 66 
28919. 26 
28928. 57 
28930. 40 
28933. 54 
28936. 30 
28947. 75 


28952. 23 
28973. 00 





a'P24—t!Dirg 
a'F34,—2° Ding 
O'Pix—g' Ding 
a? Ping—w Fxg 
b*Poxs—@* Dixy 


b'Foy—PF ig 
a'P34—t4 Dig 
a*Pou—t4 Dis 
a*Fyy—2 Dig 
a'Dy34—2' Ping 


b4Poxs—q* Dix 
a*Fo14—2° Diss 
at*Dox—ztPix 
atF34.—27° Dix, 
aDos—2* Piss 


a!Pox—tiDig 
at P24—t4Dixs 
atF i4—2° Diy 
a'Pi4,—t Dis 


atFi24—2 Dig 


bt Fins—stGisg 
aD ix4—2' Pixs 
b1Fo—stGirg 
atFiy—rDix 
OF s5—s'Girg 


bt Fux—stGixg 
bt Po—z* Pig? 
b*Fux—2* Fig 
atF3144—2°Dis 
bHsy4—s*Hixs 


a@Pou—v? Pixs 
@Pi4—v'Pix 


a Poy —wSirg 


b°Hs4—s*Hix 
a? Pi4—w'Siy 
atGs5— DIF iss 
aGyy—p' Fix 
O° Hiy—s*Hiss 


a'Gay4—ptF iss 
a'Gay— pt Fig 
a'G34—P' Fis 
aiGsy—p'Fiss 
a? Poy—v? Pixs 


a? P1¥4—0? Pig 
atGusg— Dt Fins 
a'G34—0'Dix 
b'Fi4,—p' Diss 
{ atFyyc—y' Pix 
b4Fos—p*Disg 


(a*Dox,—w? Diy) 
bt Fs —p'Diss 

{aD Fix 
@Hs5y4—t Hy 

(apes Pix 
aDsy—v'Gix 
b'Fysxg—p* Di? 


@Fx—@Giss 
6? Hiy—@’ Gig 





at F'334—y° Pig 


(0.50) 1.41w:; C 


(?) 0.35002 A 


(1.28 )1.25 


(0) 0.68 
(1.25) 1.24 


(0) 1.14 
(0) 1.14 


(0.19, 0.56) 0.71, 1.12, 
1.49 


(0) 0.93 
(0) 1.18 
(0) 1.23 


(0.35) 0.99, 1.65 
(0.30) 1.20 


(0?w:D) 0.80w; B 
(0.39) 1.02 


(0) 1.01 
(0) 0.95 
(0) 0.65 
(Ow: D) 0.940: A 
(0) 0.96 
(0) 0.56 


(0) 1.07 
(0.23) 0.88 


(0.59) 1.16we2 





es 


(0.48) 1.446 


(0) 0.303 


(1.29) 1.306 


(0) 0.728 
(1.26) 1.266 


(0) 0.836 
(0) 1.10 


(0.19, 0. 56) 0.77, 1.14, 
1.51, 1.89 


, 


(0) 0.896 
(0) 1.336 
(0) 1.416 


(0.35) 0.99, 1.69 
)1 


1 
(0.20) 1.276 
(0.43) 1.076 


(0.63) 1.016 
(0) 1.126 


(0) 1.356 
(0.37) 0.966 
(0) 0.580 
(0) 1.045 
(0.25) 0.896 


(0.67) 1.236 


(0) 0.978 
(0) 0 956 
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TABLE 1.—Are spectrum of vanadium (V1)—Continued 





(2) 


Asir A 





3449. 511 


3426. 73 
3425. 958 
3425. 287 


3425. 072 
3423. 867 
3423. 328 
3418. 517 
3417. 069 


3416, 541 
43414. 77 
3414. 201 
3413. 76 
+3410. 96 


3409. 098 


3408. 46 

3408. 001 
3406. 838 
3406. 617 


3405. 160 
3404. 964 


3403. 364 
3402. 977 
3402. 572 


3402. 367 
3401. 894 
3401. 345 
3400. 396 
3400. 200 


3398. 272 
3397. 845 
3397. 583 
3396, 514 
3306. 224 


3395, 524 


3394. 76 
3392. 729 
3392. 45 


3391. 614 


3390. 767 
*3390. 388 


3389. 50 


8387. 386 





ao £ a> 


3386. 910 





























(3) (4) (5) (6) (7) (8) 
Int. | Temp. om-! Term Zeeman effect 
are class | ”"** combinations 
Observed Computed 
Oh 28981.34 | a*Dix—w? Diss 
tr | IV 29001. 73 | atGsie—riGing 
2 IV 29012.46 | O° Hsu—g’Gixg | (0) 0.99 (0) 1.085 
1 IV 29020. 50 , 
1 IV 29031. 54 (0) 0.99 
1 29036. 76 | a4Dgy—w? Diy 
2 Ill 29041. 92 a oo (0) 0.91 (0) 0.906 
, + a*Dow—w? Dix 
2 IV 29044. 54 (pepe pee 
[—1hp?] 29064.35 | atFag—y* Pix 
tr IV 29070. 02 
2 29079.42 | a? F3u—@’Gix 
1 IV 29080.25 | a®?Hiw—teHixy 
1 29094.62 | atFsu—y* Pig 
1 IV 29128. 78 | b'Pox—p!Dix 
—1 29159. 03 | atFox—y® Ping 
1 IV 29167. 57 
1 29170.96 | 2°Giu—g* Fag 
1 III A | 29174.08 | atDoy—w?Dis, 
1 IITA | 29180. 58 
1 IV 29186. 30 (0) 0.87 
6 II 29188. 14 (0) 0.96 
3 Ill 29198.42 | a®Hsx%—s’Gis | (0) 1.02 (0) 1.036 
—Ilh 29203.00 | atFiy—y'Piv 
5 II 29244. 10 | atDgy—t4Ding (0) 1.42 (0) 1.460 
5 Il 29256. 50 | a!Dex—t4Dixx | (0) 1.43 (0) 1.486 
2 IT A | 29261.04 | a?Gs.—v? Fig 
150R Ni] Il 29276. 18 |(a*Diu—w?Dix) 
5 rit 29281.06 | a!Di—t!Diig | (0.56) 0.58, 1.71 (0.60) 0.60, 1.79 
1 IV 29284.81 | btFo—rtFing 
1 IV 29308.92 | b'Fix—rtF iss (0) 0.77 (0.27) 0.496 
@Dey—t? Piss 
4 III 29324. 89 { Pn FE 
1 ITA | 293830. 41 
3 III 29334. 34 DAF s316—r4 Fy, (0.63) 1.07w2 C (0.74) 1.006 
6 III 29344. 35 | atDoy—t'Disxs | Unaffected (0.12) 0.12 
2 29346.24 | Pin —ptDirg 
6 II 29358. 80 aDus—tD ing (0) 1.14 (0) 1.180 
2 | Iv | 29360.49 {Pes Oss 1h (0) 0.76 (0) 0.786 
5 IIII 29374. 29 | b4Fag—ri Ping (0.23) 1.23 (0.19) 1.286 
0 29377. 63 | btFo—g! Fix 
9 II 29381.13 | a*Dox—t*Dirg | (0) 1.29 (0.04) 1.346 
—1 29382.90 | b4Fs14—q! Fig 
mh 29386.99 | bt Fic—gt Fis 
2 Ill 29391. 73 | a?Hyc—s*Giig | (0) 0.87 (0) 0.886 
12 II 29399. 94 | a*Dgy—t4*Dixy (0) 1.34 (0.12) 1.376 
1 29401.63 | b1Fixs—gt Fins 
1 IV | 29418.30 | BF y4—g'F iy | (0) 0.95 (0.26) 0.996 
4 Ill 29422. 00 | a*Dox—t*Dix | (0.56) 0.56, 1.69 (0.59) 0.59, 1.77 
6 ll 29424. 28 | atPax—wtPixs | (0) 1.48 (0) 1.488 
3 IV 29433. 54 | b'Fs4—g!F ius | (0.34) 1.13001 (0.50) 1.14b 
-1 29436. 05 | b'Pox—p*Dix 
OF yg—g' Fug 
3 Ill 29442, 11 { Heo 
2 IV 29448. 75 
1 29466. 37 | b'Fux—g*Fixg 
1 29468. 80 aL 
a! Pox4—ut Ping 
Oh 29476. 06 { PD, 
6 Ill 29483. 42 | a*Dix—t*Dixy | (0) 1.44 (0) 1.446 
2 Ill 29486. 72 BQ o4— Fg (0) 0.95 (0) 1.345 
AP iy—u? Pix 
tr | IV | 29494.43 { aD wai 
2 IV 29512.85 | biFs4—q!Fixg | (0) 1.14 (0) 1.226 
Oh 29516.99 | a*P2a<—u' Fix 
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TaBLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp a Term 
Ref.) sir A arc class | ’¥*°2"'| combinations 
Observed Computed 
6 | 3384. 602 5 Ill 29537. 12 | a*Day—tDixs | (0) 1.42 (0) 1.356 
4 | 3379.35 2 IV 29583. 00 (0) 1.08 
6 | 3377.629 | 15 II 29598.10 | atPex—w*Ph, | (0) 1.49 (0.07) 1.546 
6 | 3377.398 | 10 II 29600. 12 | a*Pix—w'Pby | (0.45) 1.21, 2.11 (0.43) 1.27, 2.13 
6 | 3376. 059 8 II 29611. 86 | atPus—wtP is .59 (0.14) 1.656 
6 | 3374. 036 3 Ill 29629. 62 | a*Pug—utFisg | (1.70) 0, 1.06, 2.21 (0.58, 1.98) 0.04, 1.12, 
4 | 3372.80 tr IV A | 29640. 52 é 
6 71. 118 3 IV 29655. 27 | bPisgs—v*Shxq | (0.29, —) 0.94, 1.63 (0.34) 1.03, 1.70. 
5 | 3370. 196 1 29663.37 | a*Pius—utF ig 
4 | 3369.0 1 IV 29673.90 | a®Dos—2*Sixy 
4 | 3367. 04 l IV 29691. 21 
6 | 3366. 875 4 Il 29692. 64 | aPox—w'Piss | (0) 2.54 (0.01) 2.586 
6 | 3365.556 | 10 II 29704. 27 | a*Pow—w'Pixz | (0.46) 1.07, 2.05 (0.50) 1.10, 2.10 
6 |>3363. 551 4 III 29721.97 | a*Pou—u'Fisg | (1.07) 1.07, 1.56 (1.02) 0.48, 1.56 
4 | 3362.1 1 IV 29734. 80 
6 | 3356.358 | 10 II 29785. 67 | a*Pix—wtPhy | (0) 1.38 (0) 1.38 
4 | 3345. 01 tr IV 29886. 70 
4 | 3342. 28 2 IV 29911. 10 
4 | 3340.17 1 IV 29929. 99 
4 | 3336.79 2 IV 29960. 30 | b'Faxs—ptFisg | (?wa) 1.40 (0) 1.396 
4 | 3336. 350 2 IV 29964.29 | b!Fs—p!Fis | (0) 1.01 
5 | 3336. 212 1 IV 29965. 53 | b*Fax—t? Pix? 
4 | 3334.14 tr IV 29984.11 | b*Fix—ptF ix 
4 | 3333. 573 2 lI 29989. 24 | b'Fux—p*Fixg 
5 | 3332. 449 tr IV 29999. 36 | 6'Fax—p' Fi 
6 |>3329.858 | 12 Il 30022.71 | a*Pay—z!St | (?w2D) 1.02ws A (0) 0.888 
6 | 3328. 404 2 IV 30035.82 | b¢Fs4—p*l iss | (0) 1.17 (0.59) 1.12b 
6 | 3327. 983 2 IV 30039. 62 | b*Pox—v*Sile | (0.67) 1.36wi A (0.68) 1.350 
4 | 3327.14 tr IV 30047. 26 (0) 1.06 
4 | 3326. 38 1 IV 30054. 13 | a*Hag—q'Fisg 
5 | 3324. 489 1 30071.19 | b'F2x4—p!F ix 
6 | 3324.393 | 3 Ill 30072. 05 | a?Huy—r?Girg | (0) 0.77 (0) 0.766 
5 | 3324. 208 l IV 30073. 73 | a? Pix—t?Fisg 
6 | 3321. 684 5 Ii 30096. 58 | a@@Hs4—r?Gisg | (0) 0.91 (0) 0.916 ' 
6 | 3320. 140 3 Ul 30110.58 | a*Pas—s*Dis | (0.23, 0.66) ?w3 B 0.18, 6.8 } 0.87, 1.33, 
4| 3319.77 | 1 IV | 30113.95 | b'Fs4—0'Diig oe 
6 | 3319. 010 4 Ill 30120. 82 | b'Fy4—ptFisg | (0) 1.19 (0.04) 1.32b 
4 | 3315.87 1 IV 30149. 36 | 6! Faxs—o!Ding 
4 | 3313.97 3 IV 30166. 64 | b'Fa4—0'Djxy | (0?e:) 1.14 (0) 1.06b 
4 | 3313.00 2 Ill 30175.48 | a*Pay—s*Dixg | (0.48) 1.37w1 (0.48) 1.440 
6 | 3309. 179 8 IL 30210. 31 | a*Piy—ztSisg | (0.32) 1.75 (0.42) 1.856 
4 | 3308. 89 1 IV 30212.95 | b*Fs4—0!Ding 
6 | 3308. 250 3 III 30218.79 | a*Fus—y'Gixg 
5 | 3305. 101 Oh 30247.58 | a*Pix—v’Dixg 
5 | 3299.972| 2 Ill 30204. 59 | a*P2s—v’Dixg | (0.96) ?w2 (0.90) 1.340 
5 | 3299. 588 0 30298.12 | a*Pix—s!Disg 
5 | 3290. 256 1 IV 30301.17 | a*Po<—s!Dixs 
6 | 3299. 089 3 Ill 30302. 69 | a*Pis—ztS8i 
6 | 3298.147| 15 II 30311.37 | a*Fa—ytGixs | (0) 1.07 (0) 1.056 
5 | 3295. 788 0 30333.05 | atP%—s!Dixs 
5 |>3295.465 | 1 IV 30336. 02 | a?Ga—t?Gixg | (0?) 1.17 (0) 1.536 
5 | 3292.561 | Oh 30362.78 | a*Piyx—s!Diss 
; 3291. 678 : I “4 93 ora 
3289. 525 | — 30390. 80 | atPu—s*Dis 
6 |>3288.435 | 2 Ill 30400.88 | a?Gus—v?Hixg | (0) 1.00 (0.96) 1.006 
6 | 3234.361| 6 Ul 30438. 58 | a®Gus—l?Gixg | (0) 1.06 (0.33) 1.08b 
6 | 3283.311 | 15 II 30448. 32 | a'Fs1—y'Gisg | (0) 1.01 (0) 1.016 
: 3277. 939 : ILA sess. 22 ett A gg 
3277. 791 30499. 59 | b°Pix4—t?Dix 
7 | 3273. 025 7 II 30544. 00 | a?Gsn—i?Gixz | (0) 0.86 (0.07) 0.898 
5 | 3272. 188 1 Ill 30551. 82 | a?Diuy—q'tF ix 
6 | 3271.635 | 12 II 30556.98 | a*Fax4—y'Gixg 
4 | 3271.39 3 lil 30559. 27 | a2?Gag—0?Hisg 
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First Spectrum of Vanadium 163 
Russell 
TABLE 1.—Are spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
: Int. | Temp. Ss Term 
Ref.| Asir A are class | ’"**°™™ | combinations 
Observed Computed 

6 | 3266.078| 4 Tit | 30808. 97 (aah anes 
6 | 3265.887| 5 IV | 30610. 76 | “a2Fs,—#Dix | (0) 1.00 -(0) 1.008 
6 | 3263. 238 | 15 IL | 30685.62 | atFy,—ytGty, 
6 | 3262.063| 5 Tt | 30646. 64 | a?Gsye—t?Giy, 
6 | 3261.080] 6 III | 30655.88 (0) 1.15 
5 | 3260. 8892] —1 30657. 67 | a2Gu,—t4Gty, 
5 | 3260. 382 | —1 30662. 44 | a?F2y,—22D iy? 
6 | 3250.531] 5 THE =| 30670. 44 | a*Daye—w*P ix, | (0) 1.02 (0) 0.988 
5 | 3256.779] 1 IV | 30696. 36 | atFax—Diie 
4| 3256.46 | 1 IV 33 (0) 1.13 
6 | 325.649} 9 TIL =| 30707.02 | atDag—w'Pixg | (0?wD) 1.1503A (0) 1.280 
5 |43254. 783 | 10 IL | 30715.18 | a*Fys—z'Fing (OwtD) 0.90w2A dit | (0) 1.400 
4| 3252.86 | 1 Iv | 30733.30 
6 | 3250,033 | 2 TIE | 30760. 08 | a?Gue—t8Gig 
5 | 3249.930 | 3 30761. 05 | a!Diyg—w!Pirg 
5 | 3249.790 | Oh 30762. 38 | a?Gyse—t4Giig 
6 |43249. 567 | 10 IX | 3076449 | a*Fys—z'Fixg | (0.61) 1.11020 (0.15) 1.306 
6 | 3248.696 | 3 It =| 3072.73 (repos pae® 
4| 3246.83 | 1 IV | 30790. 42 | atDiy—utFiig? 
5 | 3243957] 1 30817. 69 | a2Gy4—fGisg 
6 | 3243.274] 3 TI | 30824.17 | a4Dorg—w*P hss | (1.29) 1.25010 (1.29) 1.290 
6 | 3242033 | 1 THT A | 30835. 98 | a*Dox—w'Pis, 
6 | 3241. 167 4 Ill 30844. 22 | a4Day—w'Pirg | (0.49) 1.43020 (0.37) 1.436 
5| 3238804] 1 IV | 30865. 86 | atGay4—14Gty, 
4| 3234.73 | 2 TH | 30905. 59 | atFse—ztF yg 
5| 3233.497] 1 30917.38 | b°Pe.—tDing 
6 {3233183 | 6 TI | 30920.37 | atGus—u2Fixg | (0) 0.96 (0) 1.160 
6| 3230645] 6 IX | 30044.67 | aFy4—z4Fixg | (0) 1.18 (0.03) 1.205 
5 | 3230441] 1 30946. 62 | a*Diy,—w' Pi, 
5 | 3220.604) 4 IV | 3054.64 | b!H4—ziIi | (0) 0.90 (0) 0.916 
5| 3228182] 3 III | 30068. 28 | atGax—t6Ging | (0) 1.86 (0) 1.765 
6| 3227.408] 4 IV | 30975.71 | b*Hs4—z!liig | (0) 0.99 (0) 1.005 
6| 3227.17] 3 TI | 30978. 50 | a?Gyy—wtHi, 
6| 3226.106| 4 TI | 30088. 20| aFy4—z2'Gisg 
4| 3225.63 | 1 TL A | 30992. 76 
5 | 3225.490| 1 30994. 12 | a!Fs5—2'F xg 
6| 3218.874| 5 IIL | 31057.83 | a*Gsg—uFixg | (0) 0.89 (0) 0.930 
5} 3218.355| 1 TIL A | 31062.84 | atFn—z'F ix, 
6 43217. 113 | 10 Il? | 31074.82 | a*Fag—z'Gixg | (0) 1.08 diffuse (0) 2.040 
6 | 3215.379| 4 II | 31001. 59 | a*F:4—z'Fing | (0) 0.98 (0) 1.016 
6 |«3213.939) 2 TIL | 31105.52 | a*Da—tPig | (0) 1.12 (0) 1.125 
6| 3212.437| 15 IL | 31120.06 | aGug—wiHiss | (0) 1.02 (0) 0.905 
5| 3211569} 1 TIL =| 31128.47 | a?Gsy—utFixy 
5 | 3211.323| 0 31130. 85 | a*Fng—z'F sg 
6| 3210427] 2 Iv | 31139. 54 {Des oth, }@ 1.12 (0.38) 1.106 
5} $210,096} 4 IIL | 31142. 75 | atHsx—r'Gisg | (0) 0.76 (0) 0.76b 
6 | 3207415 | 20 I | 31168. 79 | a*Fa—z*Giy | (0.58) 1.16202 O (0.59) 1.200 
5} 3206923] 1 IV | 31173. 56 | a*Di4—p'Fig 
6 |03205. 581 | 15 II | 31186.61 | a2Gs4—u*Hisg | (0) 0.93 (0) 0.806 
5 | 32052571 5 TIE | 31189. 76 | atHag—riGiye | (0) 0.90 (0) 0.905 
6 | 3204193 | 3 I | 3120012 | atFiug—z*F ig | (0) 0.36 (0.08) 0.398 
6 | 3202 383 | 25 II | 31217.76 | atFyg—z'Giyz | (0.55) 1.042 O (0.74) 1.086 
7| 3201227] 2 Tt A | 31229, 03 be Ae 
6|3199.819| 6 IL =| 31242.77 | aHs—r'Gig | (0) 0.99 (0) 0.996 
6 | 3198. 012 | 20 I | 31260.43 | a'Fxg—z'Giyg | (0.62, 1.17) 0.22, 0.73, | (0.23, 0.71, 1.19) 

1.17, 1.68 —6.18, 0.30, 0.77, 

1.24, 1.72 

4| 3194.92 | 1 IV | 81290.67 | 0'Pag—tPtig 
4| 319657 | 1 TV | 31204.11 | a*Hye—riGiy,? 
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TaBLe 1.—Arc spectrum of vanadium (V 1)—Continued 





(3) (4) (5) (6) (7) (8) 





‘Term Zeeman effect 


-1 om 
vvacCM combinations 





Observed Computed 





3194. 40 31295. 77 
3193. 919 31300. 48 | a*Hes—riGisg | (0) 1.15 (0) 1.165 
3189. 078 31347.99 | a?Pox—w? Pix 
3188. 096 3 31357. 64 | a?Pi—u*Phy | (0.67)? wi (0.65) 1.43 
93185.404 | 40Ra $1384.17 | atFys—z*Gisg | (0.45) 0.68, 1.507 (0.12) 1.026 


#3183. 995 |(150R)a $1398.03 | a*Fix—z*Giss | (0.59) 0, 0.62, 1.33 (000.692 60s 0.46, 
3183.96 |(125R)a 31398. 38 | atFss—2!F ix 
93183. 415 |150Ra 31403. 78 | a*Fex—z'Gisg | (0.34) 0.55, 1.15 (0.05) 0.886 
3182. 76 $1410.19 | a*Dsx—s8!Dixs 
3181. 63 $1421.35 | a*Dax—s*Diy 


3180. 56 $1431.91 | a*Dy<—t*Pix 
3180. 09 31436. 56 
3177. 83 31458. 90 | a!Dis—s'D iss 
3169. 6 31540.77 | a!Diy—v' Dix 
3165. 59 31580.61 | b'Pig—t*Pisg 


3164. 5 31591. 46 
3163. 89 31597. 57 | b!Piys—t*Pisg 
3161.9 31617. 55 
3159. 87 2 31637. 76 
3158. 77 31648. 77 


3156. 89 31667. at Po4—t Fis 
3156. 19 31674. (6) 1.15 
3153. 54 
3152. 75 ‘ 
3150. 59 30. 9: (0) 0.83 


3150. 03 31736. 

3147. 97 : 31757. 2 
3147. 255 8 31764. (0) 0.65 
3146. 8 31769. 
3145. 65 31780. 


3143. 2 31805. 
3139. 97 31838. a? Pixs—P'F iss? 
3139. 04 31847. 64 | a?Pix—p'F iss 
3138. 50 31853. 12 | a?Pus—lPixg 


3135. 17 31886. 94 ft a 








t 
6 
7 
6 
6 
6 
8 
6 
8 
8 
4 
4 
8 
8 
4 
8 
4 
8 
4 
8 
8 
4 
8 
8 
4 
8 
8 
6 
8 
8 
8 
4 
4 
4 
8 


3134. 54 31893. 45 
3133. 0 31909. 12 
3131.9 Q 
3131.3 " 
3123. 25 . a!Doy4—b? Fins 


a*Pay—v' Piss 


a*Py34—0' Pixs 


3121. 78 
3116. 35 
3112. 93 
$112. 13 
3110. 9 


3108. 56 
3167. 142 
3106. 12 
3103. 99 
3103. 60 


32135. 74 | a?Pox—l’ Pixs 


32159. 92 
32174. 61 | a*Pos—r'Diss 
‘ at Po4—0* Pixs 
32207. 26 | a*Pox—v'Pix 
$2211.31 | a*Pix—v'Pixg 


32234. 15 
32252. 96 
$2282.44 | 2°Fix—h®Gay 
32289. 93 
32291.40 | a!Pix—r*Diss 


32303.98 | a*Pox—v'Pix 
$2313.41 | a*Pas—riDing 
32319. 16 | atFax4—z2'Dixg 
32323. 33 
32324. 64 


$2336.85 | a*Fax—z*Dig 
32338. 28 | atFux—z!Dix 
$2344.66 | atFys—2z*His 


— 
a OO 


=e aoe 
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mee First Spectrum of Vanadium 165 
TaB.eE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. | Temp. a Term 
Ref. Asir A are class | ’***°™"| combinations 
Observed Computed 
5 | 3000.538 | 3h | III 32347. 46 
8 | 3090.40 | [1] IV 32348.96 | a'Fuy—z!Diss 
a@Py4—r!Die (0.68) ws 
6 | 3089.134 | 25 Ill 32362, 16 {ori MG) 
6 | 3088.119 | 30 Ill 32372. 81 | a*Pix—v'Pix 
4 | 3087. 49 2 | IV 32379.44 | 29°F in—hoGarg 
6 | 3087.072 | 15 lil 32383.79 | a*Pox—r*Dixg | (1.25) 1.28 (1.28) 1.32b 
5 | 3085.923] Ih | IV 32395. 84 | z*Fin—hGar 
6 | 3084.384 | 20 III 32412.01 | a*P24—2ir. 
6 | 3083.542 | 30 Ill 32420.87 | atPa—r'Dixx 
5 | 3082.109 | 50r II 32435. 92 | atFax—wtF iy 
5 | 3082.010| 6 IV 32436. 96 | a%Hs—s*H ti, 
4| 3080.34 | 12 lI $2454.57 | atPu—r!Dixg | (0.65) 0.54, — (0.70) 0.50, 1.90 
4 | 3080. 16 6 III 32456.46 | atFuy—z'Diy 
5 | 3079.365| 4 IIL A | 32464.83 | atFsy—ztHix 
8 | 3077.86 Bh OI 32480.71 | z°Fin—h®Gayg 
4 | 3077. 73 6 IV 32482.09 | a?Diy—s?Fixg | (wi D) 0.72 wi A 
8 | 3076. 69 bh «| IV 32493.06 | 2°Fin—hoGyig 
8 | 3076. 63 4 I 32493. 70 | a'Pa4—9Ping 
6| 3075.935} 8 | IIT | 32501.04 fe ae D 
6 |3075.269 | 10 III 32508. 08 | a’Hu<—s*Hisg | (0) 0.84 (0.45) 0.958 
8 | 3074.83 8 | IV 32512.71 | 2°Fin—h'Gay 
8 | 3074.06 | 10h | IV 32520.85 | 2°Fiis—hoGoss 
. atF 3y,— wt Fxg . (0) 1.683 
6 | 3073.825 | 6Or | IX | 32523.35 |{ pes MBs |b we D) 1.60 BO sp 
8 | 3072.73 2% | IV 32534. 93 
8 | 3070. 88 2 IIL A | 32554.52 | atFa4—24H 3x, 
6 | 3069.648 | 30r I 32567. 60 | a‘Fs4—z'Dixg | (0.52) 1.2203 C (0.52) 1.288 
5 |93067.117 | 6 IV E | 32594.46 | a?Dax—s*F ix, 
8 | 3066.51 | 20 I 32600. 90 | atFy¢—w'F ix 
6 |»3066.373 | 125R | II 32602. 38 | atFys—w'Fixg | (0.30) 1.05, 1.41 (0.07),1.29b 
6 | 3063. 725 | 12 II 32630. 57 | a4F2y4—2*Pis, 
4 | 3000. 93 2 ILL A | 32660.32 | atFy4—z'Ding 
6 | 3060.457| 125R | IL 32665.40 | a*Frs—w'F iy 
8 | 3056.50 | [1] IV 32706. 67 
6 |*3056.339 | 100R | II 32709. 42 | atFax—w'Fixg | (0) 0.87 (0) 1.016 
atF 13¢—2? Piss 
8 | 3054.89 | 1 IV A | 32724. 86 { Sep s— egy 
8 | 3053.65 | sor | II 32738. 26 | atFys4—w'F ix ‘linn ii 
{a*Fo4—-2*Dixy |) , . : 
6 |*3052.195 | 20 II 82753. 81 | ceFon— y1Gig) |f(0-92m2 B) 1.56~2 C 11088) 1.160 
8 | 3051.39 | ¢r IV A | 32762. 45 
6 |43050. 883 | 35r II 32767.90 | atFiys—z*Pirs | (0) 1.13 (1.15) 0.816 
6 | 3050. 396 | 25 IV 3273.13 | atGuy—tF his 
8 | 3050. 33 1 IV 32773. 88 | atPy —0?Pixg 
8 | 3047.21 | [1] IV 32807. 43 
6 | 3044.938 | 50r II 32831.87 | atFs—w!Fi 0) 1.39 (0) 1.486 
58 “y Py (0.30, 0.91) 0.10, 0.70, 
6 | 3043. 553 50r II 32846. 80 a‘F yx—w'F ix (0.54w2 B) 1.14w3 C \ 1.31, 1.92 
6 | 3043.123 | 50r II 32851. 44 | a'Fxc—w'F iy | (w; D) 1.58; B (0) 1.618 
(3042.672 | 15Fe | III 32856. 31)| (a?Hys—g?Gss) 
4 | 3041. 83 8 IV 32865. 44 
8 | 3040. 13 1 IV 32883. 81 | a*Dsy—t*F ig 
8 | 3039.46 | [1] IV 32891. 06 
5 | 3039.305} 1 32892. 72 | a*Hsx—q?Gins 
6 | 3038.710 | 10 IV 32899. 16 
8 | 3038.06 | [1] IV 32906. 21 
a*Doy—tF iy 
5 | 3087.372| 2 32913. 65 (esDen—utDig 
8 | 3033.75 | [1] IV 32952. 94 | a*Diss—t4F ing 
6 | 3031.009 | 10? | III 32082. 75 | a?Gsx—t?F ix | (0) 0.86 (0) 0.938 
8 | 3030. 93 5? | IITA | 32983.60| atFy4—y*Gix 
4 | 3027.07 2 IV 33025. 64 
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. 01 
2. 79 
.14 
. 93 
. 31 
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. 537 
. 21 

. 936 
. 550 
42976. 527 
2975. 077 
2974. 217 
2969. 868 
2969. 363 


2968. 981 
2968. 29 

2966. 079 
2963. 818 
2962. 784 


2962. 07 
2961. 127 
2960. 849? 
2959. 99 
(2957. 520 


2957. 30 
2957. 176 
2956. 57 
2956. 142 
2955. 806 


2954. 33 
¢(2953. 943 
2951. 84 





2949. 91 





2949. 62 


on OND 


i) 


O00 0 gm bo 





33390. 32 
33403. 93 
33422. 35 
33424. 69 
33431. 62 


33522. 74 


33559. 27 
33574. 90 


33586. 43 
33602. 80 
33612. 51 
33661. 73 
33667. 45 


33671. 79 
33679. 67 
33704. 73 
33730. 56 
33742. 22 


33750. 38 
33761. 09 
33764. 26 
33774. 09 
33802. 27) 


33838. 77 
33843. 19) 
33867. 31 








33889. 46 
33892. 79 


atFo—y? F315 


a*Day—1r! Dig 
atPoyx—wiSig 
a‘Diy—v* Pixs 


“Din—r'Dix 
a‘D3y4—r'!Dixg 


a‘Dox—r!Dixg 
atFyy—w' Diy 


a!P2x,—¢g'Dig 
a:G314—8°Gixy 
a*Pin—9¢'Diy 
a!Diyx—r'Dig 
a*Do—rt Diss? 


atPins—q*Diss 
a*Px4—t' Pixs 
atPox—q'! Dis 
a!P24—¢' Dig 
a‘F3y4—w'!Dig 


b'Huy—p’? Gis? 
a*P24—u' Pi, 
a*Pox—q*Dix 
atPi4—¢!Dix 
(b'Hs4—p’Gixs) 


atFyy—w'Disg 
a!Pix—u'Pix 


aE yg—v'F iss 


a!F2x—w'Dig 
(a*F 3314—0' Fis) 
a*Pin—u'P iss 
AGIs —h°G5u5? 














a'F a4—0' Fix 


(?) 1.12 
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Tasie 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
, Int. Temp. oY Term 
Ref.) Aair A are class | ’**°C™"' | combinations 
Observed Computed 
8 | 3022.77 | 10H | IV 33072. 61 | z*Gixs—g*Ges 
4 | 3021. 78 6 IV 33083. 45 | a?Gasg—t*Hiy, 
5 | 3016.392 | 1 IV A | 33142.56 | a*Fug—z?Hixs? 
4 | 3016. 17 20 III 33144. 96 | atPa—w'Sing 
5 | 3014.972] 1 IV A | 33158.17 | atFsy4—y?F hig 
4 | 3014.33 | 15H | IV 33165. 19 | z*Gix—f*Hr 
8 | 3014.19 | [4] IV A | 33166. 73 
8 | 3011.58 1 IV 33195. 46 | a?Piss—s*F iss 
8 | 3011.40 | [2] IV 33197. 44 | z*Giss—g*Gi 
8 | 3010.84 | [1] IV 33203. 62 | 2°Giss—g*Gurs 
8 | 3009.66 | [1] IV 33216. 63 | z°Gi4—g°Gays 
8 | 3006. 90 5H IV 33247.11 | 2°Gin—ftHess 
4 | 3006. 34 6 IV 33253. 30 | a®Gss—t?Hiss 
8 | 3006. 24 5H | IV 33254. 41 | 2°Giss—f*Hss 
4 | 3004.82 | 10 IV 33270. 12 | a*Da4—v'Pisg 
4 | 3004. 33 4 IV A | 33275.55 | a*Diss—0*Pixg 
6 | 3003.288| 5 IV 33287. 16 
4 | 3002. 65 8 III 33204. 27 | a*Dsy—v*P iss 
6 | 3002450] 6 IV 33296. 47 
8 | 3001.99 | 10H | IV 33302. 58 | 2°Gs;—f*Has 
8 | 3001. 05 1h | IV 33312. 02 
5 | 3000. 566 tr IV A | 33317. 36 
4 | 2999.20 | 12 III 33332. 55 | a*Pixs—wéSisy | (?) 1.74 (0.36) 1.828 
4 | 2998. 62 4 IV 33339. 00 | a*Doxs—v'Phr 
8 | 2997.87 5H | IV 33347. 33 | 2°Gi—f*Has< 
8 | 2997. 08 3H | IV $3356.12 | z*Gts—fHas 
4 | 2996, 48 6 IV 33362. 80 | a?Gug—s?Giss 
6 | 2905.617| 4 IV 33372. 40 | a*Di4—0*P ig 
8 | 2004. 61 2h IV 33383. 63 
8 | 2994. 1 33384. 86 


(0.03) 1.045 
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First Spectrum of Vanadium 


TABLE 1.—Are spectrum of vanadium (V1)—Continued 


























(2) (3) (4) 
: Int. | Temp. 
Aair A are class 
2949, 09 1 IVA 
2046. 54 15 II 
2044. 76 10h IV 
2943. 84 12h IV 
2943. 197 30r II 
2942.354 | 10 I 
2942. 33 10 I 
2942. 02 tr IITA 
2041. 11 1 IITA 
2939. 26 2h Vv 
2938. 67 6 II 
2938. 30 5h IV 
2937.696 | 15 I 
2935. 880 15 I 
2934. 72 20h IV 
2934. 646 2 IITA 
2933. 234 3h IV 
2930. 89 15h IV 
2928. 74 lh IV 
2928. 62 2 IV 
2927.646 | 10h IV 
2926. 258 12 I 
2925. 880 + Ill A 
2924. 92 5h IV 
2923.627 | 70Ra II 
2923. 41 2h V 
2022. 715 5h IV 
2922. 582 4 IIA 
2921. 18 6h IV 
2919. 931 6 IITA 
2917. 94 8 IV 
2917. 52 4 IV 
2916. 00 8 IV 
2915. 33 10 II 
2914. 924 50Ra Il 
2914. 43 2h IV 
42914. 299 2h IV 
2910. 435 5? ILA 
2906. 134 40r II 
2004.126 | 20 II 
2903. 700 | 12 It 
2900. 86 5H IV 
2899. 602 | 30 II 
2899. 207 | 20 II 
2898. 822 5 IA 
2895. 16 4h Vv 
2894. 583 8 Ill 
2893. 47 4h IV 
2891. 977 2h IV 
2891. 430 2h IV 
2890. 56 5H IV 
2888. 523 2 IITA 
2887. 707 2 IITA 
2873. 378 2 
2870.575 | 365r II 
2870. 04 5 IV 
2869. 484 3 IV 
2368.130 | 20 Iv_ 
2866.971 | 10 IV 
2866.620 | 15 IV 





(5) (6) () | (8) 
Zeeman effect 
pvaccm™t combinations 
Observed | Computed 
33898.87 | atPox—utPixs 
$3928.21 | atFax—w!Dirg 
33948. 71 pet ler 
a*Pox—u' Pixs 
33959. 32 {oan hGen) 
33966.76 | atFix—w'Dixy 
33976.49 | atFuxs—wtDing 
33976. 74 | atFuy—v!F iss 
33980. 32 
33990. 83 | atFax—w!Dix, 
34012, 22 
34019. 04 | atFix—1° 
34023. 32 eCee—waes | 
atFa4—v' Fis | 
34030. 35 Pay aia + 
34051. 41 | atFa—otFixg 
34064.82 | z6Géx—h®Gax | 
34065. 72 | atFi5--w!Dirg 
34082.12 | 2°Gin—-h®Gaxy 
34109. 32 | 26Gix—h®Gas | 
$4134.47 | z°G3u—h®Giss 
34135, 87 
34147.17 | 22Gix—h®Gaxy | 
34163.37 | atF's4—y?D3xg | 
$4167.78 | atFix—vt Fig j 
34179. 04 | 28Gi4—h® Garg 
$4194.11 | atFyx—v'Dixg 
34196. 69 
34204.78 | z°Gin—h®Gaxs 
34206. 34 | atFiyx—v!F ix 
34222.78 | z26Gix—h®Gux | 
34237. 39 | a*Fays—0'F ing 
34260. 78 | a®’Gas—r?Gixg 
34265. 70 a Qs j 
@G34—r?Gisg | 
34283. 56{ (AG ixg—h8Gaxs) 
$4291.44 | atFax—y?Dix 
atF34—0'D iis 
34296. 2 (z°Gig—h8Gs) 
(2Gin—hGass) } 
34302. 03 | 2°Gin—h®Gary 
34303. 55 | z°Giu—h®Gas 
34349. 09 | atFax—y*Dixx 
34399.92 | a*Fax—vtDig 
34423.71 | atF3~—0'Dixg 
$4428.75 | atFixs—y*Diss 
34462. 44 
34477. 40 | atFix—0'Dixs 
$4482.11 | a*Fax—v!Dix 
$4486.69 | atFixys—y*Disg 
34530. 27 
$4537.19 | atFix—v'Ding 
34550. 43 wpee-oe bs 
ava oe 
34568. 31 a‘Dy—s* Fix 
34574. 85 | atDix—stF ig 
34585. 26 
34609. 64 | atFaxx~—v!Dig 
34619.43 | atFus—vtD3 
34792.06 | a*Pax—p'Dixg 
34826. 04 | atFux—u'Ding 
a'Da4—g' Dis 
94882. 52{| fips Din 
34839. 27 | a!Dax—g!Dis 
34855. 71 | at*Hsy—z* Ti; 
34869. 82 | a*Dax—utPig 
34874. 07 | a%Hu4—z*lirg 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (72) | (8) 
m4 ~ Zeeman effect 
Int. ‘emp. a erm 
Ref.) Asi A arc class |’"*°°™"' | combinations 
Observed Computed 
6 | 2866.447| 20 IV 34876.19 | a!Ps4—p'Dix 
5 | 2864.386 | 30r II 34901. 27 | atFs4—u!Dhis 
6 | 2863.076 | 12 IV 34917. 25 | a*Pix—p'Dix, 
6 | 2862.418 | 10 IV 34925. 28 | a!Dey—u'P ig 
5 | 2861. 677 1 IV 34934. 31 
6 | 2859.997 | 25 II 34954.84 | atFo—u!Diy 
6 | 2859.001] 4h IV 34967. 00 | a*Diy—u' Px, 
6 | 2858.787 | 10 IV 34969. 63 | a'Pox—p'Dix, 
6 | 2857.972 | 20 IV 34979. 59 | a*Pix—p!Dixy 
6 | 2855.739| 2 IV 35006.95 | e4Do,—u' Phi 
6 | 2855. 518 6 IV 35009. 65 | a*Pox—p!Dix } 
6 | 2855.252 | 20 II 35012. 91 atFxg—u'Disg 
aD ix4—ut Piss 
6 | 2854.057 | 4h Iv | 35027.57 (ees sats 
4 | 2853. 82 3h IV 35080. 44 | a*Dow—u' Pixs 
6 | 2853.579| 2 V 35033. 88 | a?Pex—v*Sixg 
6 | 2852.899 | 25 IV 35041.80 | a®Pug—v*Stis 
6 | 2851.784 | 20 II 35055.49 | atFs,—u!Diss 
5 | 249.197] 15 II 35087. 32 | atF2—u‘Diss 
5 | 2849.086| 4 35088. 69 
6 | 2848.807| 15 II 35092. 11 | atFi—u‘Dix 
6 | 2846.600 | 20 IV 35120. 01 
4 | 2844. 92 2 IV 35140. 12 | a?Dax—t?Dhs 
4 | 2839. 43 4 IV 35208. 05 | a?Disx.—t2D ing 
4 | 2838.06 5 III 35225.03 | a*Fi4—utDir 
6 | 2836.714] 3 IV 35241. 72 | atFa.—u'Dix< 
6 | 2835.660! 5 Vv 5254.82 | a®Do—w?F ix? 
4 | 2834. 88 3 Vv 35264. 54 
6 | 2815.994 | 5h Vv 35501. 02 
6 | 2799.229] 3 35713. 61 
6 | 2798.526] 2 35722. 57 | a®Dox—tDig 
4 | 2788.16 2 V 35855. 41 
4 | 2785.66 | 10 IV 35887. 57 | a?Py—tDixg 
4 | 2785. 52 8 IV 35889. 37 
6 | 2785.216| 3 35893. 28 
4 | 2783.76 7 IV 35912. 06 | a*Pox—tDiss 
fatDs5—P'Diss? 
5 | 278.058 | 4 IV | 35085.7 |{ pas 
4 | 42777. 70 8h IV 35990. 41 
6 | 2777.157| 5 35997. 43 
8 | 2776. 67 2h Vv 36003. 73 
4 | 2776.47 6h IV 36006. 35 
6| 2775.911| 2 36013. 59 atPag—o1D ii 
” a'Days—P' Diss 
4| 2774.01 | 3 IV | 36038. 24 {eps Din 
4 | 2773. 66 8 IV 36042. 79 | atGyi—s?F is 
4 | 2770.94 2d IV 36078. 16 | atDix—p'Di 
4 | 2768.93 6 IV 36104. 34 | a®Gs3u—s?*F iss 
4 | 2768.30 3 IV 36112. 56 | a*Pa¢--0'Dixg 
4 | 2766. 10 1 V_ =| 36141.27 | afDy—p'Dix 
4 | 2757.75 2 Vv 36250. 79 | a?Gg4—8?F hig 
1 | 2755. 653 | (10) Vv 36278. 34 
1 | 2753.084 | (8) Vv 36312. 19 
1 |42747. 534 (6) III 36385. 54 | atFyg—w'tGing 
1 | 2738.075| 65 36511. 22 | a®Gyg—s*Hixs 
1 | 2733.334 | (8) IV 36574. 55 | a*Fy4—wtGig 
1 | 2731. 518 | (20h?) | IV 36598. 86 
1 | 2731. 347 | (80r?) | IV 36601. 16 | a*Guys—s*Hiy 
1 | 2729. 807 2 36621. 80 | a*Fux—v’?Gixy 
1 | 2729.120| 2 36631. 02 | a*Di—¢*F his 
1 | 2727.440| 1 36653. 58 | a*Doy—g* Fis 
1 | 2727.124| 1 $6657.83 | a*Fus—y*H ig 
1 | 2725. 062 4 36685. 57 | a*Fays—w'Ging 
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TaBLE 1.—Arc spectrum of vanadium (V1)—Continued 





(1) (2) (3) (4) (5) (6) (7) (8) 





Zeeman effect 








: Int. Temp. a Term 
Ref.| Asir A arc class Yvacem™! combinations 
Observed Computed 
1 | 2723.925| 2 36700. 88 | a4Fy44—z?Dis 
1 | 2722. 560 | (60r) IV 36719. 28 | a?Gssg—8*Hin 
1 | 2721. 139 | (20) IV 36738. 45 
1 | 2717. 433 3 36788. 56 | a*Fax—2z?F hig 
1 | 2716. 689 3 36798. 63 
1 | 2715. 025 (7) V 36821. 18 
1 | 2712, 217 4 36859. 30 | a?Guss—q?Girg 
1 | 2707.589| 3 36922. 30 | a*Fyx.—w? F315 
1 | 2703.904] 1 36972. 61 | a*D3x—p'F ix 
1 | 2701. 266 | (7) IV 37008. 72 
1| 2700.506| 1 37019.13 | a*F34—w?F ix 
1 | 2700. 046 4 37025. 44 
1 | 2699. 12 (20) IV 37038. 14 i Fao 
‘ 7 a'Po4—t* Pig 

1 | 2698. 724 | (40) IV | 37043. 58 f ang pF.) 
1 | 2697.744 | (50r?) | IV 37057. 03 | a?Gyx,—g? Gi 


























1 | 2696.996 | (40r?) IV 37067. 31 | a%Gg-—g?Ghxs 
1 | 2696. 760 (6) IV 37070. 55 | a4*Doy—p'Fin 
1 | 2696. 376 1 37075. 83 | a4Do4—t?Pixg 
1 | 2696.222} (5) Vv 37077. 95 
1 | 2695. 235 4 37091. 53 | atFyy5—-v'Ging 
1 | 2694. 102 3 37107. 12 
1 | 2693. 918 6 37109. 66 | a*Dos—p*F ig 
1 | 2693. 00 2 37122. 31 | a*Dgi4—0'Dixg 
1 | 2689. 350 2 37172. 69 | a*Dy4—-p*F ing 
1| 2689.114| 3 37175. 95 | a*Dgx,—-p*Fixg 
1 | 2688. 942 4 37178. 33 | a*Dys—t? Phy 
« (2688. 719} (60) VE {37i81.41) | (a*Dax—p!F ix) 
1 | 2688. 55 1 37183. 75 | a*Dax—0!Dis 
1 | 2687. 408 5 37199. 55 
1 | 2687. 001 1 37205.18 | a*Fa—w?Fixg 
4 —pGi 
1 | 2686. 512 | (10) Ill 37211. 96 (aes peri 
1 | 2686. 356 9 37214.11 | a*Pig—t*Pirg 
1 | 2685. 843 4 $7221.22 | a*D34.—04Di14 
a'Pi4,—t'Pix 
1} 2685. 515 4 37225. 77 |) a*Pis—t!Pig 
atDy14—0' Dig 
1 |42685.14 | (15) Ii 37230. 96 | atPi4—tP hx 
1 | 2685: 018 5 37232. 66 | atFs14—0*Gixs 
¢(2683.092 | (80) VE | 37259. 38 | (a*D24—0*Dixs) 
1 | 2682. 682 1 37265. 08 | a?Gai,—q?Ging 
1 | 2681. 17 2 27286. 09 | a!Diy—0!Dixg 
1 | 2680, 939 2 37289. 30 | a*Dy—o'Diss 
1 | 2679. 707 5 37306.45 | a*Py—t!Pirg 
1 | 2678.878 | 10 37317.99 | a4Py—t*Pisg 
1 | 2678.674 | (5) Ill 37320. 83 | a*Fs14—04Gi 
1 | 2677. 472 1 37337. 59 | a*Fa4—w?F ir, 
1 | 2677.117 | (4) Ill 37342. 54 | atFy4—w?F 3x6 
1 | 2676.636| 3 7349.25 | atDy—o'Dixg 
1 | 2675. 977 4 37358. 44 Sa Ng 
te laa a*hou-—v % 
1 | 2675.753| (8) | I | 37361.57 (oD oD, 
1 | 2671. 669 | (10) III 37418. 68 | a*Fo4—v'Gix 
1 | 2670.918 | (7) Ill 37429. 20 | atFs4.—w? Dix, 
1 | 2668. 894 3 37457. 58 | atFix—w'*Diny 
1 | 2665.958 | (20) III 37498. 83 | a*Fix5—v'Gir, 
1 | 2661.424 | (70R) | III 37562.71 | a*Fa4—t*Dixy 
1 | 2657. 708 5 37615. 23 | atFag—w? Diss 
1 | 2656. 55 10 37631. 62 
1 | 2656. 224 | (6OR) | III 37636. 24 | aFsx.—t'D3y, 
1 | 2654.005 | 2 37667. 71 | a*Fus—ztHixg 
1 | 2653. 824 | (25) IV 37670. 28 | a*Hiy—p? Gis 
1 | 2652.919 | (20) IV 37683. 12 | atHsy—p*Gis, 
1! 2651.896 ' (50R) | IIT 37697. 66 | a*Fyg—tDis, 
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2574. 866 3h 
2574. 020 | (50R) 
2570. 268 4h 
2568. 376 | 30h 
2564. 817 | (40r?) 
2564. 348 (4h) 
2564. 228 | (20h) 
2562. 125 | (60R) 
2558. 893 | (15) 
2556.815 | (6) 
2556.016 | (9) 
2554. 856 | (15) 
2552. 648 | (50r) 
2549.965 | 12 
2549. 834 4 

















_—i— pet et bh at tat tet et 






2547.832} 1 
2547.073 | 6 
2545. 981 | (30r?) 
2543. 723 | (20) 
2541.765| 7 
2536.932 | 8 
2535. 835 1 
2534.825 | 15h 
2534.206| 8 
2533. 800 | 10h 
2532.280| 65 
2531.778 | 3 
2531. 20 4h 
2530. 174 | (80R) 
2526. 213 |(100R) 


38825. 35 
rt | 33838. 11 
38894. 80 

38923. 45 

mI | 3897.46 
84. 59 

jor | {3e86. 42 
III 39018. 41 
Tit | 39067. 69 
Tit | 39009. 44 
Tr | 39111.66 
Ill | 39129. 42 
Tl | 30163. 26 
39204. 46 

39206. 48 


Ill 
Ur 


Ii 
Il 











atF yy4—ut Fig 


(ones anes 
aH —1? Hiss 


@Hs4—rHiy 
atF 334—u' Fig 
atF34—utFing 
atF34—w'tPis 


atF 24—w' Pi, 
atFox—-u'F ix 
atFo—u' Fxg 
a'Fa4—uFixg 


atF y4—w't Pixs 
atF 134—w' Piss 
atF x4—w' Fix 
a'F yy.—ut' Fxg 


atF y4—w' Pix? 
atFiyg—u'Gh? 


atFyx—u'G 
or ebee 
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Taste 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. 
Ref.) Asir A arc class | **°°™"' | combinations : 
Observed Computed 

1 |42650.608 | 3 37715. 98 

1 | 2648. 891 6 37740. 42 

1 | 2647.710 | (40R) | II 37757. 26 | a*F14—t*Dixy 

1 | 2645. 990 2 37781. 80 | a®Dix—s*Dis4? 

1 | 2645.343| 5 37791. 04 

1 | 2645. 256 | (10) Ill 37792. 28 | a*Fs—t*Dixs 

1 | 2644.690| 1 37800. 37 | at¥'s45—z*Hix 

1 | 2643. 19 5 37821. 82 

1 | 2643. 14 (5) III 37822. 53 | atF2s—t!Dikg 

1 | 2642,289 |} (4) III 37834. 71 | atF 34—t*Diss 

1 | 2640.684} (6) III =. 71 

1 | 2640.267 | (7) 37863. 69 

1 |+2637. 222 | (20H) | III 37907. 40 

1 | 2634. 864 8H? 37941. 33 

1 | 2633.588 | 4 37959. 71 | atFix—t*Dis, 

1 | 2632. 398 37976. 87 | a*Fa—w?Girg 

1 | 2632.300 | (2) III 37978. 28 | a*Fox—t*Dix 

1 | 2629. 094 38024. 59 

1 | 2620. 284 | (20) Il 38152. 43 | a*Dsy—t*Piss 

1 | 2618. 908 5 38172. 47 | a®Dix—usDisg 

8 | 2614. 90 2 III 38230. 98 

8 | 2611. 75 1 Ill 38277. 09 

1 | 2611. 255 8 38284. 34 | a*Days—i*Pixg 

1 | 2611. 031 1? $8287.62 | a*F3.—wGiss 

1 | 2610. 891 6 38289.68 | a*Daxs—t*P iss 

| 

1 | 2607. 752 | (10) III 38335. 76 

1 | 2607. 12 7 38345. 06 

1 | 2605.084 | 4 38375. 02 | a*Disxs—t*P hss 

1 | 2604. 294 5 38386. 66 | a*Dix—t*Pix 

1 | 2603. 932 1 38392. 00 | a*Dixs—t* Pixs 

8 | 2602.7 1 Ill 38410. 17 

1 | 2600. 798 5 38438. 26 | a*Doy—t*P ix, 

1 | 2600. 01 2 38449.91 | a*Dow—t*Piss 

1 | 2586.242 | 5h 38654. 58 

1 | 2577. 202 | (20r?) | III 38788. 81 | a!Fac—u'Fisg 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 





(1) (2) (3) (4) (5) (6) (7) (8) 





Zeeman effect 














Int. Temp. i Term 
Ref.) Acir A arc class |’***°™"'| combinations 
Observed Computed 
1 | 2523. 505 5h 39615. 51 
1| 2522024] 1 39638. 77 | a*Fs4—u'Ghr, 
1 | 2521.615 | (3h) Ill 39645. 20 
1 | 2521. 512 6h 39646. 82 
1 | 2520. 31 10h 39665. 73 
a4F31,—s4Dixx 
1| 2519.622 |(100R) | I | 39676.56 {(atren—w ‘ 
1} 2517. 500 8 39710.00 | atFax—r'Six, 
1 | 2517. 142 |(80R) Ill 39715. 64 | atF3u4—utGixs 
1 | 2515. 649 6h 39739. 22 
1 | 2515. 145 | (30r) IIt 39747.18 | atFa4—v'? Diss 
1} 2514.41 10h 39758. 79 
1 | 2514. 322 15k 39760. 18 
1 | 2511.940 |(100r) III 39797. 88 | atFi4—s!Diss 
1 | 2511. 642 | (80r) Ill 39802.61 | atFs4—s!Dix, 
1] 2511.182 | 20h 39809. 90 
1 | 2510. 242 (8) Ill 39824. 80 | atFsx—utGing 
1] 2510. 18 1 39825.79 | atFas—wtHixs 
1 | 2508. 822 5 39847. 34 - 1 eas 
atFyx—u'Gi, 
1| 2507.777 |(100R) | III | 39863. 95 { pA lle 
1} 2506.902 | 150R 39877.86 | at Fix4—s*Dixs 
1 | 2506. 482 6 39884. 54 | afFix—v’Dix 
1} 2505. 540 | (15) Ill 39899. 54 | atFus—wtHixs 
1 | 2504. 382 1 39917. 98 | a®Dox—r!Disg 
1 | 2503. 912 2 39925.47 | a®Dsx—2ix5 
1 | 2503. 300 | (50r) Iil 39935. 24 | atFix—stDisg 
1 | 2501. 608 | (60.R) Ill 39962. 25 | atFix—utGis, 
1| 2500.382] 5 39981.84 | atFs—v!Dixg 
1 | 2499. 959 8 39988. 60 | atFax—s!Dixg 
1| 2499.778 | 2 39991. 50 | atFs,—wtHixg 
1| 2499. 244 | (12) TIX =| 40000.05 | a*Hi—s'Dixg 
1 | 2499, 094 15 40002. 44 | atFs—w*Dix 
1 | 2498. 232 | (20h) Ill 40016. 25 | atFax—v?F ing 
1 | 2498. 024 | (10h) Itt 40019. 58 
1 | 2497. 655 6h 40025. 49 | a®Dax—r! Dix, 
1} 2497.099| 2 40034. 40 | atFus—v" Fix, 


1 | 2495. 787 | 20 40055. 44 | a! Fs4—w*Hiy, 
1| 2491.815 | 2 40119. 29 | atFi4—v* Dig 
1] 2489.13 | 4h 49162. 56 | a®D44—w8Diy4? 
1 | 2488.737 | 4h 40168. 90 | a®D334—w* Dig? 
1 | 2488.203 | 5 40177. 52 | a*F34—w*Hiss 
1 | 2487. 528 | 10 40188. 43 | a!Fa,—u?Dii, 
1 | 2483.636 | (7h) | IT 40251. 40 

1 | 2482.864| 2 40263. 91 | a*Fs3s—0*F iy, 
1 | 2482711 | (15h) | IT 40266. 39 

1 | 2482115 | (20h) | IIT 40276. 06 | a8Dsy4—wtD$y,? 























1} 2481.28 | 3h 40289. 61 
1} 2481.11 10h 40292. 37 
1 | 2480.606 | (30h) | IIT | 40300. 56 | atDu.—w*Ding? 
1| 2478.97 | 5h 40327. 15 | a®Di3,—wt Dig? 
1} 2476.510| 8h 40367. 21 | a*Day—w* Dix? 
& & 
1 | 2475.178 | 10 40388. 93 sia 
1 | 2473.652 | 5h 40413. 84 | a®D3x.—w8Dix<? 
1 | 2473.527| 6 40415. 89 
1 | 2471. 443 | 10 40449.96 | aFx35—0°F iy, 
1} 2468.138 |} 3 40504. 13 
1 | 2465. 664 | 10h 40544. 76 
1 | 2464.953 | 2 40556. 46 | a*Fy4—w? Pty, 
1| 2445.22] 3 40883. 66 | a*Fi4—t?Gh, 
1 | 2441. 892 | (30) III =| 40030. 44 | at Fue—t*Fixg i 
1 | 2441. 352 | (15) TIL =| 40048.49 | a*Fys—v*Hiy, 
1 | 2439. 102 | (50r) | IIT | 40986.26 | atFuy—fGtg 
1 | 2435.518 |(100R) | TIT | 41046.57 | atFa—t'F ig 
1 | 432.014 | (25r?) | TIT =| 4105.71 | atFaye—t*F hig 
1 | 431.940 | ‘20r? 41106.96 | atFy,—v!Hhg 
1 | 2431. 568 | 10 41113. 24 | a*Fay—2G4y, 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
. Zeeman effect 
‘ Int. emp. r 
Ref.| Asie A are class | ”**°°™~' | combinations 
Observed Computed 
1 | 2428.269 |(100R) | III $1169.09 | atFsx—t*F ix 
1 | 2427.735 | 20 41178.15 | a*Fs—v? Hiss 
1 | 2426.126 | 15 41205. 46 | a*Fac—t*Gix 
1 | 2423.370 | 40r? 41252. 31 | a*Fa—t*F iss 
1 | 2421.976 |(140R) | II 41276.05 | a*Fac—t*F iss 
1 | 2421.058 |(120R) | II 41291. 70 | a*F2,—t*F ix 
1 | 2420. 614 3 41299. 28 | a!F25—fGix5 
1 | 2420.221| 8 41305. 98 
1 | 2420.115 |(100R) | III 41307. 79 | a*Fac—t'Gins 
1 | 2418.738 | 15 41331. 31 | a*Fys—t*Girs 
1 | 2417.351 |(100R) | III 41355. 02 | a*F24—t*F iss 
1 | 2416. 748 |(150R) | III 41365. 34 | a*Fac—t*Giss 
1 | 2415.226 |(110R) | III 41389. 69 | a*Fy—t*F iss 
1 | 2413.031 | (60R) | III 41429.05 | atFi4—t*F ix 
1 | 2412.686 | (80R) | III 41434.97 | a*Fs4—l'Gis, 
1 | 2411.590] 5h 41453. 80 
1 | 2410. 768 2 41467.94 | atFas—u' Fh 
1} 2409.721] 7 41485. 95 
1 | 2407.900 | (40R) | III 41517. 32 | atFo5—t*Girs 
1 | 2407.517| 5 41523. 93 
1 | 2407.389} 2 41526. 14 | a*Fus—w2Hins 
1 | 2406.748 | (50R) | IIL 41537.20 | a*F34—UGirg 
1 | 2405.733} 6 41554. 72 | a®Dix—z9 Fix? 
1 | 2405.494 | 8 41558. 85 
1 | 2405.245 | 10h 41563. 15 | a®Day—z°P 314? 
1 | 2404544] 5h 41575. 26 
1 | 2403.362] 5h 41595. 71 | a®Dox—z°F is? 
1 | 2403.029 | 10h 41601.47 | a®Da—2°F ing? 
1 | 2401.901 | (60R) | IV 41621.01 | a*F4—t*Gix, 
1 | 2401555] 1 41627.00 | a*F34—u? Fix 
1 | 2401.450] 3 41628. 83 
1 | 2399.954 | (50R) | IV 41654.77 | a*Fix—tGiss 
1 | 2398.877| 4 41673.47 | a?Gu—p?Gis; 
1 | 2398697 | 10h 41676. 60 | a°Dgrg—z° Piss? 
1 | 2398.277 | 20h 4168.89 | a*Fus—2i 
1 | 2398.134 | 20 41686. 38 atBag— OP bs 
o 2 atFyy—r!Dix4 
1 | 2397.775 | 40h 41692. 62 |{Mans—Tepite 
1 | 2397.496| 4 41697.48 | a4Fs—w? Fis 
1 | 2396.706 | 8 41711. 22 | atFae—vtP ing 
1 | 2396.492 | 15h 41714. 94 | a®D3—z2°F hi4? 
1 | 2396. 089 1 41721.96 | a®Diy—t? Fig 
1 | 2395.429 | 10h 41733.45 | a®Dis—z*F ing? 
1 | 2395.104 | 30h 41739. 11 | a®Do4—2°F ing? 
1 | 2394.270 | 10 41753. 65 | a®Dixx—s*Gis 
1 | 2394.152] 2 41755.71 | a*F34—w*Hiss 
1 | 2392.898 | 40h 41777. 59 a'Dus—2°F ys 
4° 
1 | 2392. 00 1 41793. 27 Dui, 
a om 35! 
1 | 2391.268 | 30h 41806. 07 (De nF? 
1 | 2390.868 | 4 41813.06 | a*Fo4—u?F sg 
1 | 2390.774 | 30 41814.70 | a*Fs4—r4!Disg 
1 | 2388.910 | 40 41847.33 | a?Gus—p?Girg 
1 | 2388084 | 35 41861.80 | atFa—r!Dix 
1 | 2387.780| 8 41867. 13 
1 | 2387.475| 5 41872. 48 | a*Fos—v'Pig 
1 | 2386.956 | 40 41881.58 | a?Gax—p’Girg 
1 | 2386.409 | 20h 41891. 18 | a®D3x4—2°F ix? 
1 | 23865. 14 2h 41913. 47 arts ig 
1 | 2384. 64 5 41922.25 | atFy4—r*Diy 
1 | 2384.286 | 20 41928. 48 | atFiys—r!Diss 
1 | 2383.038 | 3 41950.43 | a!F us—w?F iss 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(1) (2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. eS Term 
Ref.) Asir A are class | ’***°™"'| combinations 
Observed Computed 
1 | 2380. 266 8 41999. 28 | atFin—r!Diss 
1 | 2380. 178 5 42000. 83 | a4Fax—r!Dixs 
1 | 2378. 262 4 42034. 67 
1 | 2377. 083 3 42055. 52 | a@G3u4—p?Gixg 
1 | 2372. 43 1? 42137.99 | atFix—r!Dix 
1 | 2370.00 1? 42181.19 | atFos—v? Pig 
1 | 2355. 441 1 42441.89 | a’ Doy—p'Dix 
1 | 2347. 026 10 42594.05 | atFyy—s*Fixg 
1 | 2340.479 | (50r) | IV 42713.19 | atFas—s*Fing 
1 | 2339. 673 20 42727.90 | atFsu4—s*F ix 
1 | 2334. 434 40r 42823.78 | atFsy—s'F ix 
1 | 2333. 33 20 42844.04 | atFox—stFix 
1 | 2329. 529 30. 42913.94 | atFoy—s!Fiig 
1 | 2327.970 | 10 42942. 68 | atFs—s'Fixg 
1 | 2325. 873 30 42981.39 | aiFix—s'Fix 
1 | 2324.748 | 40 43002.19 | atFax—q!*Diss 
1 | 2324. 347 6 43009. 61 | atFax—stF ix, 
1 | 2324, 189 10 43012. 53 | a?Dox—s?Pix? 
1 | 2322. 096 15 43051.30 | atFys—s* Fig 
1 | 2321. 072 5 43070. 29 
1 | 2320.156 | 25 43087.29 | atF3—g¢'Diig 
1 | 2316. 751 25 43150.61 | a?Gyy—r?Hixg 
1 | 2315. 634 30 43171.43 | atFox—giDinx 
1 | 2314. 691 2 43189.01 | a?Ga4—r?Hix 
1 | 2312.531 | 10 43229. 34 | a®Diy—s? Piss? 
1| 2312410] 8 43231.61 | atFs4—g!Dis 
1 | 2311. 465 30 43249. 28 | atFix—g'!Dixs 
1 | 2310. 958 5 43258. 77 
1 | 2310. 180 20 43273.33 | atFa4—q!Dix 
1 | 2308. 287 | 15 43308. 82 | atFix—q'Disg 
1 | 2307. 66 1? 43320. 59 | atFys—t?F iss 
1 | 2304. 349 4 43382. 83 
1 | 2302. 87 1 43410.68 | atFix—g!Ding 
1| 2302531 | 4 43417.08 | a*Fug—g*Disg? 
1 | 2299. 544 3 43473,47 | atFas—z* Fxg? 
1 | 2299. 337 5 43477. 38 Fi 
a 3y4—PFixg 
1| 2295.414 | 4 43551. 68 |{ Or ate 
1 | 2203. 243 2 43592.90 | atFiy—t?Hixs 
1 | 2291.527 | 10 43625. 54 | atFyu4—s'!Gix 
atFys—z*F ix, 
1 | 2290. 263 2 43649. 62 Bus? 
; at Dtyy—o'Dig? 
2286. 581 8 43719.90 | at s314—s84Gixg 
3 43750.49 | a®Pox—s? Pix? 
20 43759. 84 | a? Piys—s? Piss? 
10 43781. 14 | atFax—s*Ging 
4 43847. 62 
4 43862.39 | atFax—s'Gi 
6 43905. 98 | atFax4—s!Gi 
3 43910.38 | atFas—s?Gj 
3 43933. 26 | a? Py%—s?Pix 
4 43999.51 | atFix—s'Gixg 
30? Fe? 44148.31 | a'Fux4—ptDix 
1 44172.11 | atF34—s?Gixs 
9 44251. 46 
60r 44203.48 | atFsx—p!Dix 
5 44377.76 | atFsx—p!Dixs 
30r? 44417.37 | atFax—p'Disg 
9 44479.66 | atFsx—piDixs 
1 44505. 71 oan) 
30 44514.59 | atFixs—piDix 
8h 44554. 54 | atFus—p'Dix 
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2211. 350 
2210. 878 
2207. 976 
2204. 930 
2203. 658 


2202. 724 
2200. 174 
2196. 56 
2196. 40 
2196. 29 


2194. 65 
2193. 82 
2193. 47 
2191. 65 


2191. 10 


2189. 95 
2189. 68 
2188. 06 
2187. 95 
2187. 39 


2184. 53 
2182. 22 
2181. 97 
2177. 24 
2177. 00 


2173. 15 
2172. 75 
2170. 74 
2169. 85 
2164. 88 


2158. 12 
2147. 58 
2146. 64 
2138. 60 
2132. 89 























45207. 11 
45216. 76 
45276. 18 
45338. 72 
45364. 89 


45384. 13 
45436. 72 
45511. 47 
45514. 78 
45517. 06 


45551. 07 
45568. 30 
45575. 57 
45613. 42 


45624. 87 


45648. 83 
45654. 45 
45688. 26 
45690. 55 
45702. 24 


45762. 07 
45810. 50 
45815. 76 
45915. 27 
45920. 33 


46001. 68 
46010. 14 
46052. 75 
46071. 63 
46177. 39 


46322. 01 
46549. 33 
46569. 71 
46744. 77 
46869. 89 


atF y—p' Fig 


atF 44—p' Fis 
atF 34—p'F ig 


a‘Fux—o0'Dixs 
atF314,—p'F ix 
a*Fa4—p'F ix 
atF 34—04 Diss 
atFox—l Piss 


atFayx—p'F is 
atF34—p'F ix 


a'F'33,—0'Dixs 
(are — pari 


atF i4—p' Fig 
atF i—t’Pixg 
atFi4—DP'F iss 
atFay—riGixg 


at Fi —r'Gixg 
a'F 31,—1'Giixs 
a'Foy—r'Gix 
atFay—r'Gisg 


at Fox.—r! Gig 
a'Fix—r'Gis 





(a*F'244—p*F ix) 


a'F 1y4—0'Disg 


a'F\4—0'Diy 
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TABLE 1.—Arc spectrum of vanadium (V 1)—Continued 
(2) (3) (4) (5) (6) (7) (8) 
Zeeman effect 
Int. Temp. iia erm 
Aeir A arc class | ’***°™"' | combinations 
Observed Computed 

2243. 258 6 44564. 16 
2242. 614 5 44576. 95 
2241. 846 40r 44502.21 | atFuas—rt Fig 
2241. 213 7 44604.81 | atFas—eq'tFisg 
2240. 302 2 44622.95 | atFas—r’?Gix 
2237. 228 | 50r 44684. 26 | atFay—g*F ig 
2234. 680 | 10 44735. 20 | a*Fag—r! Fis 
2232. 252 8 44783. 85 | atFsx—q' Fix 

2231.412 | 30 44800. 71 
2230. 362 20 44821.80 | atFsx—r!*Fixg 

42299, 734 | 25r? 44834.42 | atFsx—g'F is 

2228. 835 15 44852.51 | atF3x—r?Ging 
2227.398 | 3 44881. 44 ao 
‘ — fatF 344—@' Fix 
2225. 787 10 44913. 92 \atFay—r'F ing 
2225. 422 30 44921. 2 atFay—rt Fix 
2225. 029 8 44929.42 | atFax—qt Fix 
2223.014 | 20 44969.94 | atFa.—q'F is 

222.834 | 15 44973. 58 | atFix—réFing 
2220. 450 3 45021.86 | atFs4—u' Piss 
2219. 652 3 45038. 04 | atFyx—r’?Gix 
2218. 238 | 25r 45066.75 | atFiys—g*F iss 
2216. 666 10 45098. 71 
2216. 245 4 45107.27 | at¥Fix—q'F ing 
2216. 054 3 45111. 16 
2213. 692 10 45159. 29 | atFiy—w' Pig 
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TaBLE 1.—Are spectrum of vanadium (V1)—Continued 




















qa} @ (3) (4) (5) (6) (7) (8) 
eae 7 7m Zeeman effect 
; nt. emp. “s ‘erm 
Ref.| air A are class | ’**°™™ | combinations 
Observed Computed 

1 | 2125. 83 3 47025. 53 
1 | 2106. 32 3 47461. 05 
1 | 2104. 56 3 47500. 75 
1 | 2102. 21 3 47553. 83 

1 | 2100.75 6 47586. 88 | atF45—0*F iyg 

1 | 2100. 51 8 47592.31 | a*F3x4—0*F iyg 
1 | 2098. 50 3h 47637. 89 

1 | 2097. 34 7 47664. 24 | a*Fa,—0'F hig 
1 | 2096. 16 8 47691. 07 
1 | 2095. 75 8 47700. 39 
1 | 2094. 70 25r? 47724. 30 

1 | 2092. 44 60r 47775. 84 | atF4—0*Fixg 

1 | 2002.30 | 10r 47779. 04 | a*F2y,—0'F hg 

1 | 2091.29 | 20r 47802. 11 | a*Fiys—o'F iy 
1 | 2090. 90 5 47811. 03 

1 | 2000.64 | 20r 47816.97 | a*Fs34—0'F Sx 

1 | 2089. 89 2h 47834. 13 | a*Fi—q?Gixg 
1 | 2088. 56 15r? 47864. 59 
1 | 2086. 55 3 47910. 69 

1 | 2086.31 8 47916. 20 | atFix—o'F ing 

a'F y4—0'F ix 

1} 2082.49 | 20r? 48004. 08 {Sares— ore 




















NOTES TO TABLE 1 


a=g for higher level calculated from this line. 

b= Observed and calculated Zeeman effects discordant. 
c=Fe masks V line. 

d=Blend with Vn line. 

e= Masked by V0 line. 

f=Ni masks V line. 

g= Zeeman effect changed by self-reversal. 


The total number of lines appearing in table 1 is 2,525; it includes 
all classified lines, and Peel in all unclassified lines since the latter 
are omitted only when they are suspected of molecular origin or rest 
on a single observer and have low intensity (2 or less). This list may, 
therefore, be regarded as a complete compilation of all data pertaining 
to spectral lines characteristic of neutral vanadium atoms, in the 
wave-length interval 2000 to 12000 A or, in other words, the entire 
range observable photographically with large-scale spectrographs in 
air. Since only 87 percent of the total number of lines are classified, 
this analysis, strictly speaking, is still incomplete. However, the 
main features of the V1 spectrum are now revealed, and further 
efforts at analysis are deemed unprofitable without considerable addi- 
tions to the observational material. 


2. TERMS OF THE Vi SPECTRUM 


_ The established terms of the V1 spectrum are collected in table 2 
in order of increasing magnitude beginning with the normal state 
“F,=0.00. Successive columns contain the electron configuration 
responsible for the term, term symbols, level values, level separations, 
or intervals, g-values derived from observed Zeeman effects and 
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observed combinations. The total number of levels is 453, com- 
prising 148 terms. These numbers are divided among multiplicities 
as follows: 113 doublet levels or 60 terms; 219 quartet levels or 60 
terms; 118 sextet levels or 28 terms; 3 levels remaining unassigned to 
terms; and 10 terms lacking their full quota of levels. A large 
majority of the terms are regular, only 14 being wholly or partially 
inverted. Landé’s interval rules are reasonably well obeyed, as 1s 
shown by the examples in table 3, but there are noteworthy excep- 
tions, such as 2*H°, w*D°, v*F°, w'G®, 2*H°®, u'G°®, #G°, gF, etc. 
In some cases (e. g., w‘D°, o*F°, w*P°), the deviations are apparently 
the result of perturbations also accounting for anomalous g values, 
but there are other cases of g-sharing (e. g., 2°D°, z°F°) unaccompanied 
by any marked distortion of intervals. 

Magnetic splitting factors (g-values) for 346 levels are entered in 
column (5) of table 2. These may readily be compared with Landé 
values by referring to the tables cited above [34] or to the paper [25] 
in which observed values of g, g-sums and anomalies for V1 levels 
have been discussed in detail. 

All of the observed combinations of each term are indicated in the 
final column of table 2, which may serve to exhibit the combining 
properties in lieu of a diagram of transitions. The total number of 
multiplets is 634, the combinations of various types being as follows: 
doublet 174; quartet 210; sextet 52; doublet-quartet 156; quartet- 
sextet 34; and doublet-sextet 8. In addition, there are 10 combina- 
tions with the 3 miscellaneous odd levels, and 4 combinations in which 
the observed lines of V1 are believed to mask those of the multiplet 
in question. Combinations in parentheses have their lines masked. 


TABLE 2.—Terms of the Vi spectrum 





Electron 
config- 
uration 


Differ- |Observed 
symbol ence g 


Term 


Level Combinations 





748°, z{P°, wiP®, v!P°, z4D°, y!D°, z#D°, wiD®, 
v'D°, u#D®, t4D°, s4D°, r*D°, g*D°, p*D°, ofD®, 
z!F°, yiF°, c!F°, wiF°, vi F°, utF°, 4F°, s§F°, riF°, 
@‘F°, p'F°, of F°, 24G°, y#G?, 7#G°, wtG?, viG®, 


dis? oars ees | ee tat |} mas, eas) sae, riGe) 281°; wi, 21P2/ wiPe, 
a‘F as, 393 42 186. 04 120 oP P wP°, 2P ,, 2D , yD ,,2*D*, wiD®, v'D®, 
ee; | cmen, OO) pi Se eo 8 ee ee ee 


224°, yiG°, 2?G°, vI1G°, wG°, 2G°, s?G°, riG°, 

@G°, 224H°, y?H°, 2?H°, eH, wWH°, @H°, 2°P°, 

ag 2D°, y®D°, r6D°, 26F°, y®F°, z°F°, 26G°, 
“ 





d4s(5D) a® Doss 2112. 32 88 3. spe y6pe © s6T)° g6T)° © aT? ° ° 
Dig | 215320] fags | 1-82 || Tape ake ule, wie, BRS, BGS, BP*, HD" 

a Days ‘ 91. 24 i. u'D*, D4, s*D°, rD°; p'D®, ofD4, ztF%, yiF*, 

a D3 2311. 37 1, 53 iF? 3'G° 9° 

a*Dug | 2424. 89 1. 52 hed le 


z!P°, y*P°, z#P°, wiP°, »'P°, utP®, t4P°, 24D°, y!D®, 


d4s(85D) a‘Dox 8412. 94 0. 00 rD®, wtD®, ofD°, utD®, t4D°, s#D°, r*#D°, g*D®, 


63. 26 ° o 
a‘Dig | 8476.20 1.19 || psD®, ofD°” 26°’ ytR°,’ 267°" wik?, pt Fo. uF 
a‘Dryg | 8578.52 | 102 3? 1.35 |} MF, sF°, gF°, pike, f°, 218°, 219%, 20PS, Pe 
a*Dayz | 8715.72 . 1.39 || ape? 2D* yD*, 21D°, wid®, s1D°,' ztF°, ytF*, 


v'F°, 214°, 268°, z6P°, 2D°, ySD°, ySF°, 1°. 


y4S°, 48°, wiS°, 2#P°, y$P°, r#P°, wtP®, vt P°, utP®, 

ds? a*Pos 9544. 54 92. 42 2. 59 t#p°, 2*D*, y‘D®, x °s w'D®, v'D°, *D°, s#D°, 

a'Pi4 9636. 96 187. 62 1.70 r'D°, giD°, p!D°, 0fD°, z#F°, wtF°, vtF° ulF*, 

a*P ax 9824. 58 2 1, 55 ad hie) vp’, y1D°, w*D®, v'D®, z*F°, 28°, 
wy 


2'D°, 21F° y!F°, 21F°, wiF°, of F°, uiF°, OF°, po 
° ° ° ° ° 2 
a | arcing | 1050280] oop xg | 9.88 || Aur Gee Be a Os HE Le 
113 |) mH; #H°, PH, zi1°, 4D°, UiF*, 218°, wid 
HG°, 24H°, yH°, 24H°, 241°, g*F°, 


aGg 11100. 65 
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TABLE 2.—Terms of the V1 spectrum—Continued 





Electron 
config- 
uration 


————ee 


d3g3 


dis? 


d‘s(?H) 


dés(3P) 


dg? 


d's(3F) 


dsp(5F) 


d‘s(3Q) 


dsp(5F) 


@sp(sF) 


dis3P) 


d's(3H) 


d's(3F) 


Mep(F) 


Term 


Differ- 


Observed 











symbol Level ence g Combinations 
298°, y*S°, 228°, w2S°, v?S°, z7P°, y2P°, z7P°, v2P°, 
aPix 13801. 53 —9. 37 1. 20 uiP?, fp? s?P°, 2’D°, yD°, 1D°, w?D°, v2D°, 
a'Pox. 13810. 90 0. 64 wD, “2D°, 2iF¢, wiF®, u?F°, 12F°, s?F°, ‘(yt8°); 
w'D®, v'D°, s!D°, v'F°, pF?, "6P°, xD°, 
y?S°, z?P°, y?P°, z?P°, w?P®, v?P°, 2P°, s?P°, yID°, 
@Diss 14514. 75 34. 08 0. 97 z?D°, wiD®, vp’, wD°, “D°, 2?F°, yF°, a7’, 
a’?Dayg 14548. 83 " 2.37 wiF®, viF°, u2F°, F°, "sF°, yG°, v?G°, y!P°, 
utP?, rD°, t4D°, ‘ytF?, q‘F°, p*F®, s'Q°. 
a | Sol as 0.65 |) ytK°, utF®, UF°, ytG°, 244°, wiG?, 64°, utG°, 44°, 
aH 15000. 84 51. 54 110 r'G°, 24H°, y'H1°, r‘H°, w ‘H°,” 241°, v2G°, "2H°, 
a'Hern 15062, 94 62. 10 1 18 yH®, rH°, 2H, 221°, y21°, 221°. 
248°, y#S°, z#S°, wtS°, z#P°, y!P°, z1P°, wiP®, vtP°, 
ee | ee | ee 2.60 |} eP®, ytb®, 24°, wtD®, vtD®,'wtD®, te,’ stD°, 
Pan 15571. 90 301. 48 1.54 DS, @D°, p{D°, y'FS, v'F?, s{F°, 22p°, rip°, 
28 , , z’D°, ape, wiF°, r6P°, 26D°, 
7?F°, wiF°, 22G°, 7?G°, w2G°, oG°, uwtG°, 2G°, 8@G°? 
aH 15103. 77 161. 06 0. 90 r?G°, @G°, p?G°, (27H°), y2H°, 27H°, w2H°, v7H° 
a’Hsy 15264. 83 i 1. 07 wH°, 22H°, s2H°, r?H°, 221°, y21°, 221°, ytF°, oF ° 
@'F°, wtG®, utG°, 2!H°, 241°, . ’ 
ziP°, y§D°, z1D°, wiD®, #D°, s#D°, réD°, gtD°, 
b'F ix 15664. 75 94. 05 0. 39 p'D®, oD?®, y'F°, rF°, wiF°, oR? usF° Re 
bt Fox 15688. 80 35, 42 1. 05 riF°, giF°, 'pIF®, "y'Q°, 7G°, wig? , 1'G°, uwiG?, 
b'F aig 15724. 22 46. 50 1, 22 “ae, s'G°, u?P°, PP°, uD®, yF°, z?F°, w?F°, 
b'F a5 15770. 72 fi 1.31 sad 22G°, y°G°, Gs, v2G°, ’G?, 2H, v?H°? 
26Ging 16861. 46 88, 0. 00 
10 . 40 * 
203i 6449. 85 0.78 
Gis | 16678.54 | 122.60 1.10 |\ op fs 10. AH. ft 
6(}3 "y f° é , SF, oF, eG, 9G, h'G, eH, fH, atF. 
Gis 16728. 75 1. 22 
2G} 16917.15 | 188.40 1. 26 
Gis | 1716.44 | 219-29 1.43 
“s vD°, p!D®, ofD°, y!F°, z!F°, wiF°, viF°, utF°, 
oan roe ghd 62. 05 a tF°, riF°, giF°, pre y 4G°, wiG?, iG? u‘G° 
a'Gys | 1718198 | 6-08 ia it OGes #08 GS, 2H, WHS, HH, wit’, 21K 
a'Gsse 17242. 05 60. 07 127 = wF®, 24°, 2°, yH®, 2H°, oH? z21°7 
; ’ y'I°, 
2Dig | 18085. 88 3.20 
® 40.45 7 
2Dix 18126. 27 1.76 
Dig | 1819808] {71-81 1. 58 |}/°P, a*D, e*D, /*D, g°D, eF, f*F, g*F, atD, a'F. 
2D, | 18902.¢7 | 104-19 1. 56 
Diz | 1848807 | 135.80 1.55 
Fis | 18190.12 —0.44 
Fi | 18174.06 * 4 1.14 
Fig | 18858. 89 1.28 Iho a. . i 
a 113. 57 a'D, e*D, g*D, e*F, fF, g®F, e®G, (6G, h®G, eH, atF. 
2K, | 18878. 46 1. 28 
Fi | 18518.46| 141.00 1. 38 
Fix, | 13680.19 | 186.66 1.42 
b°?Pow 18805. 05 384, 23 0. 67 ret y2S°, v2S°, 22P°, y2P°, wIP°, oFP°, t?P°, r?7D°, 
bP 19189. 28 , 1.37 v?D°, w2D®, 2D°, 2?F°, 2!D°, s!D°, ptF°. 
wiF°, 27G°, v?G®, #G°, r?G°, ge°, p°G°, z?H°, 
Hag | 19023. 47 121. 66 0.91 yH°, 2H°, wH°, tH°, wH°, eH, stH°, 221°) 
DH 5 19145. 13 , 1. 08 ate a. ar, w'a®, G°, wG®, "AH, "tH? 
w 
wire cap aape pine “D"; wiD*, #2D°, 22F°, 
2 pO 42 1R° ° 
atFs 19026. 34 51.81 0. 86 noe qe’ wae, Hae, "sae, “Gey, an one 
aE 3 19078. 15 1.14 eH, utP?, “D°, sD°, p'D®, wiF®, utF°, uF°, 
sF°, wiG?, “G°,” z4H°. 
a®Sau 20202. 49 y®P°. 
24Dixs 20606. 43 —0. 04 
¢ 1, 32 
“Dis | 20687.75| ,81-3 1.21 
2*Di 20828. 48 140. 73 1. 35 a‘P, a‘iD, atF, fF, 
21082, 5 | 204.04 1.45 
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Electron 
. | Term Differ- {Observed 
— symbol Level ence z Combinations 
d‘s(?D) bDais 20767. 57 al 1,45 © iP 44 P° 44po ° © »4Ty? ° 
mDog | 2078018 | “Py 5e | 25 (LP cube, ali, wane, vibe,’ He, HRS gee! gage! 
bDes | 2080.20 | —17-21] Gio |] MG* wiPe, ope, Mp2, zips, 2°, 1°, 2°, go 
aF°, wiF°, o1F°, w2F°, 2F°, y3G°, 27G°, viG°, nqQe 
d4s3(G) O'Gus 21603. 17 = Lil y 203° 73° 927° 251° pHT°, 42° erred 
bag | 2166.30) 7?) oes |) the Le Gains) ate gies, ele, wetye, ate 
dsp(@F) | Gh | 2184145 | 199 95 | 0.55 
rages | £1908.00 | 157.67] 996 lar, pr, 
wy | ger|t.17| 157-0 1.16 
z1Gisg | 28813. 99 124 
oon | sr | gee in| om 
2% , F , 
“Ping | 23368.09 | 142-83 0. oe? pat, at, etF, f*F, a®D. 
Fig | 23519. 84 . 131 
@sp@F) | 2Dty | £3608. 80 0.76 
z ADE, | 23936.15 | 32-35) $39 |}arP,etF aD, asF. 
d'p(D) | Pix | 24648.10 2. 34 
. 2Pig | 24797. 86 By ¥ 1.85 |eP, a*D, cD, f*D, f*F, aP, aP, atD, atF. 
Pig | 24898. 56 . 1.67 
dpCD) | 2Pi | 2470.68 2. 54 
Pig | 24916.16| it os | L7L |patP, OP, atD, etD, atF, aD. 
“Phe | 25180. 96 . 1.59 
d'p((D) | y°Fts | 2£4789.38] 4 go | —0.58 
Aris | soars | 8855) To 
14% ° . 6 6 2 4 
yr | sions) 15) Tar He D, eD, f*F, &G, h8G, a?G, aD, esD, at F. 
WFis | 26111.50| TiS 6 1.41 
y*Fiss | 25858. 68 : 1.41 
ap(D) | v'Fi | 25980. 61 an 0.42 
uF ig 26004. 22 117. 82 0. 98 b{P, aD, e{D, at F, OF, e4F, a*G, a‘H, a?G, aH, aD 
viFig | 26192.04 | 117-88 1.15 
y'Fiy | 26171.96 : L2B 
dsp @F) 2Gix 26021. 89 0. 92 2 4 4 4 4 
MGI | 2eikog | 32805) P95 |}arG, oH, atD, af, OF, eF, a'G, aD. 
com) | roe | me! me! 28 
y°Dis . 3 . 4 ‘ 4 4 4 6 
y'Disg 26352. 59 es 134 a'P, b'P, atD, e'D, a'F, dF, e*F, f*F, a®D. 
y'Dig | 26480. 28 . 1.39 
&p('D) TDs rod oe} 4032 2 
YDix | 26505. 88 $4 1.59 |Se*P, aD, oD, /*F, oF, fF, aD, afF, eff. 
Dig | 26604.77 | 90°24 1. 88 
y*Dig | 26788. $1 1. 50 
@spQF) | Fig | 27187.77 1.07? IF. 0G. oF, a'P, atD, oF. 'F, fF. 
oF, | 3747063) 2831 t Oy |}aD, a, @G, e*F, atP, atD, oF, oF, f'F 
dsp (SP) | Dig | 28918.68] 55 og 3.23 
Di | 28368. 76 : 1. 82 
Di, | 8462.15] 9339) 1.58 |LP, atD, (9F, MG, atP, OP, af. 
Dig | 28596.65| 153 40 1. 52 
2Dig | 28768. 18 1.47 
oP. 
disp(8P) | y®Pty | 29908. 80 2. 32 
yPhg | 29996. Bae 1.76 |sa*S, aD, afF. 
y'Pix 29418. 17 . 1.62 
@epCP) | y*Pty | 30081. 57 2.67 
“ Pin | 30094 52 =e 1.74 |SatP, b*P, afD, aD. 
y'Phs | 80190.78 : 1.67 
@spGG)?| y'Gty | $0685.60 0.53 
0.93 pack, OF, atG, att. 
1.21 
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Electron | term Differ- | Observed 





config- Level Combinations 
uration symbol ence g 
dsp(sP) 2°SIg 30832. 58 a‘P, a‘D. 
ence) | sts | gia] mae] oo 
TF a ‘ ‘ “ 
Fh, 31268. 16 ye 121 a‘P, a‘D, 64D, a‘F, b4F, a!G, e8F, a?G, aD 
z'Fixs | $1317.50 . 1.32 





dsp(SF) | 2'G44 | $1398.09 
uGixs 1721. : 
Gi | 37987.18 | 225-45 


Siig | 31786. 19 
y*St5 | $1962. 30 
Dig | $2848.89] 107 56 


t*Dig | $2456.45 
Diz | $2660.26 | 203-81 


SESS 


es O‘F, a H, 6°G. 


a®P, 6°P, aD, aD. 
a’P, O'P, aD. 


Mere » » PPP 
a 
2 & 


Je b‘P, a4D, 6‘D, a‘F, b4F, 6°P, a?D. 


R838 





mDig | $2891.06 | 230.80 
@ep0G) | 2Hbs | $2898.00 | 96.15 0.68 

Hig | 32788. 0.98 

24Hiig $2897.81 = = Lil a‘F, a'G, a‘H, a®F, a?G, 6H. 

2Hirg | $2963, 90 1.21 

2Phiz | $2724. 86 0.73? : 

Pes | sereras| 4%02| 9: 20"llaap, WP, atD, HP, atD, at. 
pF) | wiRs | $8758.14) 1960 0.52 

wiF ise 46. y 1.01 

w'F ig 32988, 82 —S 118 a‘P, a'D, b'D, atF, DF, a!G, oF. 

w'Fig | $3156.30 1.30 

yGis | $3306.96} _ 1.03 

Gis | Ss0031 | —5%35 O91 [}@D. atF, aG, bG, atF, WF. 

vFi | $9481.45) _ 1.11 

VFin | sshe7.eg | —4619 Ye \aD, a°F, a°G, b°G, aD, atF, dF. 

AHig | $8640.18 0.92 

Hie | s3606.52 | 5141 Soy |}aG, 9G, (GME), OHH, at, aH. 
soem | wots | sures) om | Se 

wiDix 4 4 . 

wiDirg | $4065.61 | 89. 58 1.30 |{@'F> OP, atD, atF, OF, a*P. 

w'Disg | 34128. 04 1. 35 


i 84019. 12 a'Pp, aD, 04D, a‘F, f*P. 




















cris | erat] so] $8 
vi Fixg 167, : ‘ 
oF, | $4874.81 206. 97 121 \ta'P> OP, atD, O¢D, atF, OF, a'G, oP, aD. 
oF hs | 34689. 81 , 1.41 
yDi | $4428.76 0.73 
MDE | Stieoso | 9804] TR lat, atD, atF, atP, atD, atF. 
oem) | set | Sieh] gost] 88 
Di ° ¥ 2 
MDE | $4619.58 182-31 1 28 |fa*P, UP, atD, b'D, atF, a'G, a?P, atF. 
oDis | $4747.06 ’ 1.35 
mDte solue 36 | 79-45 1.12 
u*Dig ‘ a ° 
utDirg | $5896.04 | 182-68 1.32 |{*F. oD, oF, 0G, oD. 
uDixs | 35379. 11 P 1.33 
apeP)? | ySi | $6408.23 1.85 | a*P, d'P, (a?P). 
Di $6416. 49 0.89 
mDin 36700. 78 | 284-29 13 Jor, bP, aD, a'F, a°G, bP, aD, d¢D, atF. 
ap) | 2°Giny | $6461.26 0. 85 
mois | Seesese| 77-32) 5 |\atr, atG, 8G, atH, OH, af, OOF. 
@sp('D) | y*Pix | $6477.76 0. 74 
PPI, | $6600.46 10271) $19 |\atP, bP, atD, aD, 
SCP)? | x'Pig | 36611. 81 83, 68 1. 54 
t'P by, s0uee. 48 119. 31 2.51 |}atP, b§P,"atD, b*D, O4F, 
Pi | $6814.8 , 1.77 














180 Journal of Research of the National Bureau of Standards {va 


TABLE 2.—Terms of the V1 spectrum—Continued 





| 

Electron | 
config- 
uration 


| Term Differ- | Observed | . 
| symbol Level ence g | Combinations 





wiGirg | 36683. 82 65? 
wiGig | 36883. 83 Jara, aH, 


@sp(?H)? | w*Girs $6763. 41 
w'Girg 36822. 86 
wiGirs $6897. 88 
wing 36938. 42 


r'Fixg | $6766.00 
zFixg | 36925. 88 


e'Fig | 36983. 63 
eK 36989. 20 : ° AF 
efFug | 37025. 60 an y‘D®, 24F°, y*F°, 2F°, 23°, y*D°. 
e'Fus | 37075. 64 


dis(SD) | e*Do | 37116. 68 
Dis | 37158. 36 
e*Da | 37227. 44 
Da | 37322. 09 
Di | 37440. 74 


a‘F, 0'F, a‘G, a‘H, a®F, a?G, 6°G, a*H, b°H. 


uP, b°P, a?D, a®F, aG, a?H, a‘F, b‘F, a4G. 


z6P°, 22D°, yD°, aF°, ySF°. 


— i ht et OO 


RS SR2ASS 


d*p(H) | v°Gi | $7174.68 
v'Gi | 37861. 95 


rS 


jatD, a°F, a?G, b°G, a?H, 6H, a‘F, b‘F, aH. 


yHixg | $7180.90 
yHi | $7810.85 


~S 
B33 


jaa, aH, 0H, a‘F, a‘G, a‘. 


a'p@H) | 2lhe | 37285.03 
21g | 37315. 83 
24liig | $7404.25 
2K, | $7518.36 


dip(@F)? | wFixg 7342. 66 
w*Fig | $7475.08 


a‘H, a?G, a?H, 6°. 


rros 
aBES 


«Pp, aD, a?F, @?G, 0°G, a*H, 0°H, b'P, atF, dF, 
a‘G, aD 


2S 
BR 


| 
ak saat ed el ak 
or me 09 Co 


dis.s(5F) | e®Fow 37374. 98 
Fix 37423. 17 
oF 2 37503. 14 
OF 316 37614. 97 
e*F us 37758. 07 


be yD®, 2F°, z26G°. 
eFs | 37931. 41 


d‘pGF) | w%Di | $7457.50 


\a@P. q? 2F. aiP, af iF 
wIDin 37758. 54 a@P, a?D, a®F, a'P, aD, a'F. 


J 


rs 
aS 


d'sp(3H)?| ytHi | $7481.36 
y'Hi | 37516. 96 
y‘Hixg | 37565. 88 
y'Hiss | 37626. 44 


d'p@F) | vGh, | $7498.76 
v'Gi | $7656.00 
vtGig | 87644. 41 
viGi | $7764.89 


| 


aiG, aH, a°G. 


Hem 
RSRS 


a'D, atF, OF, a'G, atH, o°H. 


~~ he > 


@pCH)? | 21h 87530. 29 


gis | Sree se \o2G, aH, eH, atG, at. 
bg . 


j 


ro 
Sf Bass 


dip(3F) Dir 87757. 24 
HDi 87834. 98 
HDi 87959. 66 
UDix 88115. 66 


a'P, b'P, aD, a'F, b‘F, a?D, a?G, 6G, a®D. 


“ee 
wwe oO 
awo- 


eDiss b » 4p? a4 ° {f° ySF°, 
e’Day | 38106. 32 . z#P°, y'D®°, y!F°, y' 
eDas 38242. 46 


tH, | $8123.76 
THix | $8820.63 


d‘p(SH) | rH | $8245.75 

Hig | $8323.87 
rH; | $8404.96 
His, | $8482.96 


wGi 38529. 78 
wGi ' 38610. 94 














a°G, b°G, a?H, 0H, a‘F, OF, a'G, ofH. 


ro 
o8 


ree 














} 
Jeo a‘H, a°G, aH, 6°H. 
} 


83 BESS 


a’F, a’G,a’H, a'F. 


ad 
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Electron i ffar. . 
config- une Level _— ae ved Combinations 
uration 
tnt) | eel ne 106 |}arEL, OH, a4, atHt. 
@s.s(F) | Rug | 3012723) 44 0. 46? 
fees | om) 157.48] 1-08 | Lape, spe, are, n°, Fo. 
f*Fus | 39597.01 | 198.19 1. 33? 
dsp(6P) | wth, | 398987. 10 2. 57 
wer) w'Pixg | 39848.96| 11.80 1. 60 |}a'P, OP, a'D, atP. 
wiPixg | 39429.66| 173.76 1. 52 
d‘pGF) | utFisg | 39266. 60 33. 88 0. 54 
u'Fiy | 39300. 48 1.00 , 
u'Pig | $9341.76 | 41.28 1. 21 jer o,o, o aG, afH, a'F, 6°. 
u'Fixg | 39391. 02 1: 30 
disp@P) | x'Stig | soar. 24 2.00 | atP, OP, atF, 
apeP) | stDirg | $9877.68] 57 4p 0.01 
s!Diz | 39936. 57. 1. 10 doll oi 
s'Diig $9999. 89 mn 4 1. 33 J b4P, atD, a‘F, b'F, a’P, b’P, a?F, aD. 
s'Dig | 40195. 79 1. 38 
atp(P) Dye Olik te | 29483 ia [}@P, UP, aD, a, atP, OP, atD, a. 
dtpCH) | utGirs | $9962.17] 50 0 0.53 
u'Ging 40001. 18 oF oF 0. 99 > aT 
wi@isg | 4088.95 | 37.77 i. 19 oe, aG, atH, a*H, 6H. 
u'Gisg | 40068.78| 24. 1. 23 
vy, | 40158. 51 gs 
oR, | 0587.35 | 433-84 Le sar, atF, a G, BG, atD, oF, 
CEN! Spe | Ge | ae) «68 \arP, bP, aD, aF, atP, OF, atD. 
dsp('P)? | 228is5 | 40999. 81 a°P, a‘D, 
dp0G) | wil; | 4014.89] 6s gp 0. 65 
w*Hixg | 40378. 70 0.92 Il 
wiHis | 40452.88] 73-68} 40g J" 00, om, We. 
w'Hixg | 40635.62| 83. 1! 22 
OP, | 40828. 62 p 
MPI, | 40487 42] 108.80 a Jur, a’D, bP, 
w'P hr, ? 
wi, | 40898.76 hop, aD, a°F, b'D atF, 
wig | 40919. 68 0.96 
wiHing | 40980.54 | 80.86 ao \atH, beH. 
pa) | “Fi $1389.49 | 90 4s 0. 42 
Fi ‘ 
“Fes jiiee. o| @ 36 ar ber a‘D, 6‘D, a‘, O4F, atG, aH, a?F, at, 
Fis | 41599.36 | 107. 07 1.3 
@ep('G)? pans fibso 7, | 102.56 Oe [JeF, @G, 0G, atH, DH, at OF, asQ. 
3 oO 
emt) eee | Eien 20 Log |}arF, @G, 0G, at, OH, atF, HF, a'G, atl. 
eee) sate | gant] aan] tg 
iss 4 , ’ 1, 
wGis | 11860.54| 10213 129 |7o'D, atF, b#F, eG, atH, oF, 0G, 0G. 
Gis | 41918. 24 1. 20 
0Piig 41751. 78 96. 69 2. 56 
Pig | 41848. 47 | 96-68 1. 62 |}a‘P, b'P, atD, b¢D, atF. 
Pix, | 42009. 98 1.48 
@epOP) | r'Dixg | 41988, 47 70. 63 0.04 
mDiss 41999. 10 ’ 1, 20 4 4 ‘4 4 4 4 6 
> ’ ’ ’ , ’ ’ , e 
HDivg | 2738.00 | 138.90 133 |fa*P, O'P, a*D, 64D, atF, d¢F, (62G), atD 
Dis | 42245. 61 1. 36 
dgp(i 2 
MCD)? | wR sg | 4196085 | 79 5 CE oP, wD, @F, a, 0G, fF, aC, 
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TABLE 2.—Terms of the V1 spectrum—Continued 





Electron 
config- 
uration 


aan Level — F ~~ Combinations 





d‘,d(sD) Gi 42033. 84 

ages | agar 
Ptr] 2114. . 

Gus | 42177.31 : 2F°, y'F°, 26Q°. 

Gus | 42257.32 

Gus 42353. 42 


ees i 
op'G) | wine | ieaeo.oe "0g |}aG, WG, atH, OH, otf, 


dt.d(sD)?} Pus ? 
e®P 2x ? 
e* P36 42164. 74 


2335 42236, 66 a‘P, b‘D, a‘F, a®D. 


|e, yD°. 


disp('P)? Ls te ho te < }aP, DIP, atD, atP, O*D, at. 


wig | 42362. 04 a?P, atP, 


d‘.d@D) | S*Fos ? 

fF ig ? 

f®F ag ? 

f°F xx, | 42363. 62 2P°, zD°, y§D°, r#D°, z29F°, y®F, z°G°. 
42506. 32 

42597. 98 


d‘.d(§D) J . 

? z6p°, z2D°, y®D°. 
42404. 89 
42553. 62 


? 


? 
42480. 81 
42587. 41 
42725. 83 


digp(5P) 42969. 49 . a‘P, b¢P. 


42981. 34 
rae nag 4 
43266. 15 


jer, b'P, aD, 6D, atF, btF. 
43556. 12 


43443. 83 
= > < jer, a‘D, b‘D, a’D, a'®F. 
4 . ‘ 


d3s.d(s¥) 43649. 40 
43706. 82 
43787. 60 
43894. 15 
44028. 33 
44189. 95 


2°F°, 26G°, 


d33.d(5F) 43818. 02 
43847. 16 
43911. 93 
44005. 14 
44139. 69 
44327. 04 


@sp(iG) 43873. 79 
43876. 25 


d33.3(0F) 43918. 58 
44066. 05 


PEE ESS Heer oS 
SESESR SSSI RS 


~~ 


aP, aD, aF, a’G, 9G, a‘F, btF, a®D. 


Sk 


2D°, 2*F°, z‘F°. 





} 
} 


reo Sr 
2B 


48707. 97 














le oD, atF, DIF. 





hh ba 
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TaBLE 2.—Terms of the V1 spectrum—Continued 





Electron | m iffer- 
config- | sympgt | Level’ | “ake | Observed Combinations 


uration 





——$—— 


r*Pin ? 
rPix. ? 
rPix5 43988. 00 


feo, ofp. 
s1Gixg 48999. 68 
81Ghig , ' 
84Gisg 
e'Ging 44178. 45 


a‘F, b4F, a‘G, a?D, aD. 


“90G) | GH | fide oe O97 ;@F, @G, WG, aH, WH, oF. 


dis.d(SF) | f*Pus | 44443. 67 
f6P ax, 44532. 60 3 2D°, z#D°, 1°. 
f*P as 44690. 47 ’ 


dp@G) | sGixg | 44468. 28 
8?Gixs 444965. 43 


Jor, a'G, b°G, aH, a'F. 
P'Dig | 44514. 84 
D'Dix | 44554. 95 
D'Dig | 44616. 68 


P'Disg | 44700. 88 


ds.d@F) | g*Dos ? 
Dix 44844. 83 
7 Dox 44921. 08 
Ds | 45056. 61 
Di 45157. 74 


44973. 60 
45049.17 
45058. 68 
45145. 18 


ee 
) 
) 


a‘P, b'P, aD, b{D, a‘F, b'F, G, a?*F, aD. 
2D°, 2F°. 


b{D, atF, DF, a‘G, a®F. 


45107. 21 4 4 ‘ 4 4 2 2 2 "HH. 
: 15187 78 a‘D, b¢D, aF, b‘F, a'G, a’D, b°G, oH, 
q'Fixs 452387. 16 
wP irs ? 

wPirg 46169. 18 


@sp(tH)? | r2?Gi | 45175. 92 
Gi | 45361. 42 


9° Foss 


a?P, a‘F, b'F. 


(a*F), aG, a?H, 69H, a‘F. 


(?) 
45638, 54 
2D°, 2F°, 2#G°. 


45891. 55 


45654. 50 
45948. 68 


d'p@D) , 45702. 14 


d‘p(sD) : t 
. : a'D, 'D, at¥, MF, a'G, atP, bP, atD. 
Jar, BP, aD, atD, 6D, atF, OF. 


z‘P, aD, b!D, a‘F, b'F, a!G, atD. 


46139, 06 
46243. 64 
46368, 42 


46851. 10 
4 


a‘F, a'G, a‘. 


46058. 79 . rl 


46862. 73 
46868. 10 


dsp (*G) 46996. 84 
47143. 24 


47428. 18 


dep (*G) 47611.77 e 0, &G, aH, OH. 
47701. 65 : j 


a'Pp, b'P, a'D, b'D. 


a’P, a’D, a'F, aG. 
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TABLE 2.—Terms of the V1 spectrum—Continued 


[Vol. 17 























































Electron ‘ 
Term Differ- |Observed 
config- Level Combinations 
uration symbol ence & 
o'Fi, | 47801. 87 
Fig | 47916. 31 i < ” 
o'Fix | 48140.15 188, 71 di 
o'Fing | 48328. 86 “s 
dsp@G) | g?Gix | 47959. 82 0.89 
tin | 4167.67 | 197-75 ie \orr, a’G, 0G, a’H, 0°H, aF. 
d‘p3P)?| vStx 48844. 67 2.03 | oP, BP. 
dsp?@D) | Diy | 49689. 01 
UDix 49722. 88 —33. 87 1, 25 sap, bP, aD, a’F. 
d3s.d(F) | f®H2x 49717.57 
fits 49797.18 Leah 
“Hig | 49875.12 ¥ 
fPHiss | 49983.16 | 108. 04 aa°. 
fHiss 50164. 26 137.37 
f°Hi | 50301.63 news 
d¥3.d(3F) | g®Gixs (?) 
aqus (?) 
35 49789. 17 , ° 
g'Gus | 49932.37| 83-20 #a". 
Gs | 50114.59 04.46 
9Gexs | 50209.05 
disp(@H) | z*Tis 49977. 90 a 
Ale | gort0.69| 142.79 0.91 }orH, OH, aM. 
dtp? h®°Gig | 50594. 27 
Beg 50654.72 | 20-45 
3g 50751.83 of ° ° ° ° 
WGug | 50876.00 | 124.27 rD®, 2F°, fF°, AG°. 
h®Gsx | 51026.30 174, 82 
h®Goxs §1201.12 ; 
d'sp(@H)?| p°Gty | 59744. 08 ; 
Pain | 59947.98 | 173-90 sara, @H, oH. 
riHin $4081. 61 \ 
Hin | 64851.26 169. 75 joG, aH. 
s'Pixg | 57561. 36 es ’ 
8 Pix 57744. 12 — 182. 76 jvP, aD 




















TABLE 3.—Intervals of some V 1 terms 
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3. ELECTRON CONFIGURATIONS, THEORETICAL AND 
BSERVED TERMS 


The atomic number being 23, the extra-nuclear structure of normal 

vanadium atoms is represented by 
1s? 2s? 2p* 38? 3p° 3d° 4s?, 
but only the last five electrons need be considered in the theory of 
the first spectrum [7]; thus the configuration 3d* 4s’ gives rise to a 
group of terms including the ground state ‘F, while 3d‘ 4s and 3d* both 
produce larger families of metastable states. These even terms 
combine with a multitude of odd terms resulting from configurations 
involving a p electron, 3d° 4s 4p or 3d‘ 4p, thereby accounting for a 
majority of the observed V1 lines. These odd terms also combine 
with higher even ones which form series with the lower ones because 
they arise from similar electron configurations with augmented total 
quantum numbers, 3d* 4s 5s, 3d* 5s, 3d* 4s 4d. Such series converge 
to low states of the V* atom, but the structure of the Vm spectrum 
has not been sufficiently analyzed to permit a complete correlation 
of terms and series. Also the identification of established terms 
of Vi is sometimes doubtful or ambiguous because, on account of 
overlapping, there is little justification for ascribing to some terms a 
single configuration and convergence limit. However, since the 
V1 spectrum is, for the most part, orderly and regular as indicated 
by intensities, intervals and Zeeman effects for LS coupling, it has 
been possible to find a fairly satisfactory correlation between electron 
configurations and the resulting terms. We now enter upon a dis- 
cussion of such correlation, assisted by comparison with other spectra, 
under the headings (a), low terms; (b), middle odd terms; and (c), 
high terms. 
(8) LOW TERMS 


Those to be expected are: 
me te: P,P: ED AP, Se DD. 
ae de: *D®D; "P,P Fe APG, EH; “PP, “ee. 
d: °S; *P, *D, *F, *G, and many doublets. 
The d* s? terms may be identified by comparison with the d* configura- 
tions in the related spectra Vim and Tim. Taking the components 
of highest J, and temporarily measuring all levels from the lowest of 
these in this particular configuration, we compile [35] the data given 
in table 4. The overall separations of the highest and lowest levels 
of each term are given in parentheses. 


TABLE 4.—Comparison of spectral terms from d® 








#@V1 @vV im @ Tin 
a‘ 0 (553) 0 (583) 0 (308) 
a‘P 9271 (280) 11188 (258) 8302 (154) 
aip 13248 (—9) 10804 (180) 8759 (125) 
ap 13995 (34) 15793 (147) 11542 (129) 
| a, FER Re FERED Caries eRe eee: 19676 (—60) 
@G 10548 (208) 11604 (221) 7902 (120) 
eH 14711 (161) 16394 (155) 11559 (98) 





























This comparison settles the identification of these terms beyond 
doubt. The narrow separation of a?D and inversion of a?P may be 
explained by repulsion of a*D,, a?P, which share their g’s. The 
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missing *F level in V ris probably at about 23 000 and should, therefore, 
give faint lines. 

A similar comparison for the d‘s configurations is given [35] in 
table 5. The identification is again satisfactory. 


TABLE 5.—Comparison of spectral terms from d‘s 





ds Vi ds Cri @#vu 





0 (313) ‘Dp (535) 


6290 (303) ‘D (495) 
13147 (494) ‘Pp (912) 


16764 (384) ’P (697) 
18342 | (—63) ‘Dp 
13345 (106) iF (137) 


16653 (52) aF (39) 
14817 (187) ‘G (276) 


19178 | (—43) 3G (54) 
12638 (153) ‘oH (234) 


oH 16720 (122) 3H 22316 (182) 



































The terms from the d° configuration should be much higher and 
their combinations should be in the infrared. Two have been 
identified, as shown [35] in table 6. 


TaBLE 6.—Comparison of spectral terms from dé 





@ Cru 





0 
21824 
25035 
32856 
20514 

















Here the levels for V1 are referred to the ground level. In con- 
figurations of this d" type the differences between the various terms 
are much smaller in the are than in the related spark spectra. It 
appears, therefore, that the undiscovered terms in V1 are about 
32000 above the bottom, which would make all their combinations 
of any strength lie too far in the infrared to be observed. 


(b) MIDDLE ODD TERMS 


The odd terms, at middle levels, arise from the configurations 'p 
and d°sp. They may be divided into families according to limit term 
in Vu, and give numerous triads of closely related terms. Each triad 
should give its strongest combinations with the corresponding term 
of d‘s. In this way the identifications in tables 7 and 8 have been 
made. Terms in heavy type are regarded as securely identified; the 
others are doubtful. “Gniler each term is given the wave number of 
the leading line of the multiplet resulting from its combination with 
the related d‘s term. Most of these groups lie between 20000 and 
26000, and make the spectrum very rich in this region. 





he be 
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TaBLE 7.—Identified Vi terms from d‘p| 





V1 d‘p Predicted Identified 





‘PDF ‘PDF y’D° zipe 
24313 16415 
‘SPD SPD ziP°? 

20836 ©. 21039 
‘PDF 3PDF o(p° 
25169 
‘DFG DFG utF° 


23620 

‘FGH 3FGH uGe 
J 24676 

‘GHI *GHI 2° 
23420 























From d*sp we obtained the results given in table 8. 


TaBLE 8.—Identified V1 terms from dsp 





Vi 
Vi Vi 
dis2 — te 4 Identified 





‘DFG ‘DFG 2°G° op? 
34194 
‘DFG DFG 24G°? 2p° 
21760 





p° 


wD? 
24303 














ziF° = G°? 


eF° 8 #2GQ°? 
32773 30438 





wiG°? ytH°? 


r'G°? vIH°? = y*I°? 
30096 26394 23816 


























\ 





Here each low term has two “proper triads” with different limits in 
Vu, and also related triads of higher and lower multiplicity (if the 
latter is possible). The latter triads have no low terms closely related 
to them, so that no combinations are given in the table. Their 
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combinations with low terms of other families are not often strong, 
There are other terms from this configuration not likely to be observed, 
The identification of many of the odd doublet and quartet com- 

binations is practically impossible—indeed, it is probable that the 
configurations are so intermixed that there is little sense in ascribing 
to a given term a single configuration and limit term. The sextets 
may, however, be definitely identified as follows: 

2D° 

ete | be (F). Combinations with eF. 


2P° 
y8D° >d‘p (©D). Combinations with aD. 


y°F° 


28° 
y®P° dsp (PP). Left over. 
2'D° 


The assignment of 2°S° is doubtful. It is a real level and in the 
right position. 
2P° Combinations with a*D; no more sextets 
. from 4p; and these are too high. The 
d‘.5p. 


po i general nature of these levels appears to 
” be certain; some of the details are doubtful. 


(c) HIGH TERMS 


For the high terms, the distinctness of the various families, each 
with its own limit, is much sharper, and interfamily combinations 
are usually very weak or absent. 

All the sextet configurations can be reliably assigned, the reasons 
being as summarized: 


eD ds (§D). Combination with 2°P°, y°D°, y®F°, and also series. 
ap 
f'D)d‘-d (8D). Combination with same triad. (Lower members frag- 
f°F mentary). 
eG 
eF ds-s (“F). Combination with z26D°, z°F°, 2°G°; series. 
FP 
g°D 
g°F )ds-d (SF). Combination with same triad; series. 
x 


e®H 


“a5 d*s-d (5F). Combinations; series (no satellites). 

g’°G 

fH 

hSG dp?, Only chance left; also analogy with Tit. 


For the high quartets we have: 


eD d‘-s (5D). Combinations with d‘p triad; series. 
eF ds Combinations with same triad. At right level for 
this; not for anything else. 
fF ds-s (SF). Combinations with dsp triad; series. 
No other high even quartet terms have been found despite much 
searching. There should be pentads d*-d and d’s-d. ‘ 
The only high doublet found is e?F, which combines with the dsp 
triad, and has obviously the limit d*s @F)—the lowest triplet term 
in V1. 





a 2 eee ee CO 


Megoers First Spectrum of Vanadium 189 


It is of interest to compare the numbers of terms predicted by 
Hund’s theory and those found in the present work. 
For the low levels we have: 





Electrons s§ MD; ss *P 4D 





Predicted 
avs bserved 


Predicted 
as {6 bserved 


Predicted 
a {6 bserved 




















All the low sextet terms have been found and all of the quartets 
except a few which are known to lie high and must give infrared 
lines. Most of the doublets are still undiscovered. The missing 
terms are mainly those which have (probably high) singlet limits in 
Vu. Only a small part of the high-lying d group is known. 

For the odd levels, involving a 4p electron, distinction between 
the origins d°sp and d‘p is often impracticable. The two together 
give: 





| Electrons 6S 6P 6D SF 6G 4S ‘P 4D (F 4G 4H 41 98 *P 2D °F 2G *H 42K 





| dsp 1 1 2 
d‘p 2 

4 

3 





1 
| Combined 1 1 1 1 
| Observed 1 1 1 


| 

















The number of observed terms sometimes exceeds the computed, 
indicating that some terms arising from a 5p electron have been 
observed. This is certain among the sextets. The doublets are far 
from complete. 

The high levels, arising from the addition of a 4s or 4d electron to 
the terms of Vu, are theoretically very numerous—50 in the first 
case and 220 in the second. Only a very few of these, arising from 
the lowest levels, have been detected—as is the case in all other 
spectra. 

Table 1 contains 420 lines of intensity 15 or more. Of these only 
16 remain unclassified, This, together with the results of this section, 
indicates that both the theoretical and practical analysis of the 
spectrum in the observable region is very nearly complete. 


4. SERIES AND IONIZATION POTENTIALS 


The foregoing analysis indicates that a considerable number of 
series have been identified in the V1 spectrum, but in no case have 
they been observed beyond two members. All the observed series 
converge to the two lowest terms in Vir, a®°D and aF. The series 
formed by addition of s-electrons to these terms, if reduced with the 
simple Rydberg formula, give the following values for the difference 
of the lowest energy levels in Vi and V1 (table 9). 
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TABLE 9—V I series 





Electron n* for 4s Ionization 





aDys 1, 4311 55670 
aD ‘ 55680 
a®Dss y 55686 
aD 55687 
aDix 


Mean....- 








aDsx 
at‘Diax 
a‘Dix 
a‘Dox 





Mean..... 





atF us 
atF 34 
atF as 
a'F is 





Mean..... 





























The general mean is 55558, corresponding to 6.85 volts. The 
agreement between the results from the various components of a 
term is so much better than that from terms of different types 
(though the latter is good), that it would have sufficed to use only 
the components of highest J. The mean result is, however, almost 
certainly too high, for a study of the spectra of elements of neighbor- 
ing atomic number, for which long series and reliable values of the 
so-called effective quantum number n* exist, shows that for the 4s 
and 5s terms An* is always considerably greater than unity. The 
principal data are summarized in table 10, which explains itself. 

This table may be applied to vanadium in two ways; by estimating 
the actual value of n* by interpolation between Ti and Cr, or by a 
similar estimation of An*. 


TABLE 10.—Denominator n* for spectra of iron group 





Configuration. — d-|3+8 d*-\st+d d*+8 





4s 


5 


Electron 48 





te 
ies) 


Kr 





1, 492 


on 
nn 
- 


Cal 





1,411 


nn| OU tas mm) 00] ss 





vo, 2.989 4.008 


aoe 





1,352 2.433 





1, 252 


pop | pep 
— 

goes | ge 

82/2 





a) od) oy] an] ssy| 00 


1, 226 





1, 203 


Sa/2 | $3) 28 


pp] p 
gogo | go 
Sf/3 


mm, 
on 

















* Series known to be perturbed. 
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It should be noted that, if we should apply a simple Rydberg 
series to the configurations d"~' 4s? and d*~'48s5s, we would do better 
by taking the upper term of higher multiplicity, e. g., °S in Ca1, and 
the lower one of lower multiplicity, as An* is much nearer unity 
than for the two terms of the same multiplicity. (This was pointed 
out to one of us long ago by Shenstone.) 

Estimating n* itself for the possible series in V1, we find the 
value given in table 11. Each separate member of a series gives an 
estimate of the limit, and upon allowance for the limit-term in V1, 
of the ionization energy. | 


TABLE 11.—VI1 series 





E a| Resul Limit in V u 
Configura- stimate esulting ae 
tion n* term Tonization 


SF; 8D 








tis | aus : 57043 553 3163 54433 
@s+5s f*Pas a 17958 39597 3163 54392 

e®F 56 . 19636 37931 3163 <— 
@e+id =| eH ’ 13295 44190 3183 54322 
dst+id =| fn , 7259 50302 


é | aD : 46002 8716 

 — a* Dass : 52194 2425 

dss | e#Dag ‘ 16359-+ 38242 

Das ‘ 17280 37441 

tid =| 9Gag " 12250 42353 
! 





























The agreement of the 10 values is extraordinary. The five with 
limit °F give 54390; those with limit °D give 54331. 

It is evident that estimations of An* would have led to almost 
exactly the same limit—but the present method makes more terms 
available. The general mean 54361 corresponds to 6.71 volts. 

If these 10 values were really independent observations the 
probable error of the mean would be +16 wave numbers, or + 0.002 
volt. This is not a safe assumption, but it is evident that the 
ionization potential is very well determined. 


The authors are deeply indebted to H. D. Babcock for the very 
valuable observations of the Zeeman effect, which he generously placed 
at their disposal, to A. S. King for supplying a complete series of his 
original negatives of arc and furnace spectra, and to Miss Charlotte 
E. Moore for measuring many new lines on King’s spectrograms, 
for a very mage amount of painstaking care and labor in checking the 


tables and calculations—and for the discovery, at the last moment, 
of the interesting terms z°P°, w*D°, and 2°F°. We wish also to thank 
Jerome K. Strauss for pure-metal electrodes, which greatly facilitated 
the description of vanadium spectra. 
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